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I.   INTRODUCTION 


1.    Subject 


This  final  report  covers  the  investigation  of  a  computerized 
methodology  for  accurately  predicting  stresses  and  deflections  in 
straight  and  skew  highway  bridges  under  the  HET-70  tank  transporter 
military  loading.   Verification  of  the  methodology  is  accomplished 
through  a  comparison  of  predicted  responses  and  experimental  re- 
sults for  three  highway  bridges  in  Tennessee  loaded  with  the  HET-70 
tank  transporter  carrying  the  M-60  tank.   The  investigation  was 
undertaken  at  the  request  of  the  Special  Assistant  for  Transporta- 
tion Engineering,  Department  of  the  Army.   The  purpose  of  this 
report  is  to  provide  the  Department  of  the  Army  with  a  computerized 
theoretical  methodology,  so  that  maximum  stresses  induced  by  future, 
unique,  heavy  military  loads  can  be  compared  on  a  timely  basis  with 
the  highway  bridge  structure's  load  carrying  capability. 

Appendix  B  contains  three  preliminary  reports  by  FHWA. 
Appendix  C  contains  a  detailed  description  of  the  computerized 
data  input  format  and  load  conditions  for  the  Tennessee  bridge 
analyses  for  the  HET-70  loading.   Volume  I  contains  a  detailed 
description  of  the  programming  methodology. 


2.    Background 


The  transportation  of  many  heavy  military  vehicle  requires 
special  state  permits  for  crossing  highway  bridges.   One  of  the 
fundamental  problems  in  the  issuance  of  these  permits  for  the 
HET-70  tank  transporter  has  been  the  establishment  of  the  lateral 
load  distribution  of  the  transporter  to  the  main  load  carrying 
girders.   Various  simplifications  have  been  developed  in  the  past, 
none  of  which  has  been  acceptable  to  all  the  states.  (1)  (2)*  The 


Numbers  in  (  )  refer  to  references  listed  in  Appendix  D. 


computer  methodology  presented  herein  will  allow  the  direct 
determination  of  actual  wheel  loads  to  the  longitudinal  load 
carrying  members  of  the  bridge  without  the  simplifying  assumptions 
associated  with  empirical  methods,   For  example,  the  AASHTO  1973 
specifications  presents  empirical  formulas  for  calculating  the 
distribution  of  wheel  loads  to  stringers  for  the  "design  of  normal 
highway  bridges."  (3)   It  is  also  inferred,  but  not  so  stated,  that 
this  means  normal  loading  as  well.   The  HET-70  tank  transporter, 
with  its  8  1/2  ft.  lateral  c.c.  distance  between  wheels,  has  a  non- 
standard distance;  hence,  distribution  factors  based  on  normal 
loads  may  not  be  valid  in  this  case. 

After  permission  to  move  the  HET-70  over  public  highways  was 
denied  by  several  states,  the  Army*requested  the  Bridge  Committee 
of  AASHTO, (then  American  Association  of  State  Highway  Officials) 
in  December,  1967,  to  examine  the  problem  and  reconcile  the  differ- 
ent views  of  the  highway  departments.   In  January,  196P,  the  AASHO 
Committee  on  Bridges  and  Structures  received  comments  from  several 
interested  states  that  questioned  the  distribution  of  wheel  loads 
to  two  lanes.    Some  states  were  concerned  that  a  bridge  designed 
for  a  H-15  or  HS-15  loading  could  not  safely  carry  the  195  kip 
HET-70  loading.   Furthermore,  different  states  suggested  different 
load  distribution  factors  for  the  HET-70  to  the  middle  girders  of 
the  bridge.   There  was  disagreement  among  several  of  the  state 
highway  department  bridge  engineers  with  the  transverse  distribu- 
tion of  the  load  used  by  BPR  (formally  the  Bureau  of  Public  Roads, 
now  the  Federal  Highway  Administration).    Finally,  the  Bureau  of 
Public  Roads  was  asked  to  finalize  plans  in  January,  1969,  for 
actual  field  tests  to  move  the  tank  transporter  over  certain 
bridges  to  determine  the  true  transverse  distribution  of  the 
wheel  loads  to  the  girders. 

Accordingly,  in  April-May,  1969,  a  work  plan  was  drawn  up  by 
BPR  for  a  loading  study  of  highway  bridges  near  Winchester, 
Tennessee,  to  be  conducted  as  a  cooperative  study  by  the  Bureau  of 
Public  Roads,  the  Tennessee  Department  of  Highways,  and  the  Depart- 
ment of  the  Army.   Essentially,  four  bridges  in  the  Tennessee 
state  highway  system  in  the  vicinity  of  Winchester,  Tennessee,  were 
available  for  research  studies  as  a  result  of  their  planned  inunda- 
tion by  the  new  Tims  Ford  Reservoir  which  had  made  necessary  the 
relocation  of  the  highway  at  a  higher  elevation.   The  opportunity 
to  utilize  full-size  bridges  as  test  specimens,  one  of  which  was 
built  under  H-15  specifications,  came  at  an  appropriate  time  for 
a  planned  study  of  the  effect  of  the  tank  transporter  on  bridges. 


*  Military  Traffic  Management  and  Terminal  Service  (MTMTS) ;  now  the 
Military  Traffic  Management  Command-Special  Assistant  for  Transpor- 
tation Engineering  (MTMC-SA) . 


The  objective  of  the  test  was  to  measure  the  strains  and 
deflections  on  each  main  load  carrying  member  at  critical  sections 
of  the  bridge,  which  would  then  be  used  to  determine  the  actual 
moment  distribution  of  various  moving  live  loads  among  these  mem- 
bers for  comparisons  with  each  other  and  with  empirical  design 
distributions  predicted  by  analytical  methods.   The  loads  would 
consist  of  (1)  a  vehicle  closely  approximating  an  HS-20  design 
loading;  (2)  a  late  model  Department  of  the  Army  tank  transporter 
loaded  to  represent  the  maximum  magnitude  of  such  load  likely  to 
be  required  to  transverse  the  Nation's  highways;  and  (3)  a 
Department  of  the  Army  52-ton  battle  tank  crossing  under  its  own 
power.   Each  bridge  would  be  subjected  to  carefully  controlled 
crossings  by  each  of  the  three  prescribed  vehicles  in  turn.   The 
lane,  speed,  and  direction  of  crossing  would  be  the  other  variables 
included.   Speeds  would  be  varied  in  increments  from  crawl  speed 
to  the  maximum  attainable.   The  crossing  lanes  would  be  each  of 
the  two  normal  lanes  and  a  centerline.   The  strains  would  be  monitored 
continuously  and  simultaneously  on  recording  oscillographs. 

The  testing  of  three  of  the  Tennessee  bridges  with  the  HET-70 
tank  transporter  and  M-60  combat  tank  was  conducted  between  April 
18  and  May  8,  1969.   The  bridges  in  question  are  identified  as 
bridges  1,  2,  and  3  of  this  report.   In  June,  1969,  the  first  pre- 
liminary research  report  (Appendix  B)  was  prepared,  which  gave  an 
indication  of  the  measured  live  load  responses  from  the  tests, 
and  compared  them  to  allowable  bending  moments  and  stresses  for 
the  entire  cross  section  of  the  bridge. 

The  second  preliminary  BPR  report  (October,  1969)  also 
presented  in  Appendix  B,  gave  detailed  consideration  to  the  dis- 
tribution of  the  total  bending  moment  to  the  interior  and  exterior 
girders.   Consideration  was  also  given  to  the  dynamic  amplification 
of  stress  due  to  moving  loads.   Of  fundamental  importance  to  this 
report  is  the  statement  that  "The  crawl  speed  stress  corresponds 
to  the  static  live  loading  of  the  structure."  The  cvawl  speed  is 
taken  to  mean  a  speed  less  than  5  mph.     The  second  preliminary 
report  also  discussed  in  general  terms  the  measured  deck  slab 
stresses  and  measured  pier  cap  bending  stresses.  A  brief  motion 
picture  film  Tennessee  Bridge  Test   was  also  prepared  by  the  Bureau 
of  Public  Roads,  depicting  the  conduct  of  the  field  study  and 
illustrating  some  typical  findings  drawn  from  the  research. 

Preliminary  Report  No.  3  (Appendix  B)  was  prepared  in  May, 
1970,  which  completed  the  presentation  of  the  field  study  findings. 
In  this  report  the  effect  of  skew  on  two  concrete  bridges  was  con- 
trasted with  the  behavior  of  the  unskewed  steel  bridge.   Also  live 
load  deflections  and  vibration  responses  of  the  bridges  were 
presented.   Finally,  a  nomograph  procedure  for  evaluating  the 
capability  of  simple  span  bridges  to  carry  the  HET-70  loading  was 
described. 


During  the  summer  of  1970,  an  additional  field  study  was 
conducted  by  the  Bureau  of  Public  Roads,  the  Tennessee  Highway 
Department,  and  the  University  of  Tennessee,  which  culminated  in 
the  static  live  loading  to  failure  of  the  three  bridges  heretofore 
mentioned  plus  one  additional  continuous  three  span  bridge  identi- 
fied as  bridge  No.  4  in  this  report.  The  resulting  tests  are 
described  in  a  report  by  the  University  of  Tennessee  published  in 
December,  1971,  reference  (4).   This  report  served  as  background 
information  for  the  computer  study  of  Volume  I. 

In  1972,  the  author  of  this  report,  during  summer  employment 
on  earthquake  analysis  at  the  Fairbank  Highway  Research  Station, 
began  exploring  the  capabilities  of  various  computer  programs  to 
analyze  bridge  structures  by  the  Finite  Element  Analysis  Method. 
Fortunately  a  copy  of  the  SAP  I  program  prepared  by  Dr.  Wilson  of 
the  University  of  California  (Berkeley)  for  the  Corps  of  Engineers 
on  a  CDC  6400  computer  was  available  in  modified  IBM  form,  furnished 
to  FHWA  by  the  Corps  of  Engineers.   Unfortunately,  some  assembler 
additions  to  speed  up  1-0  had  been  made  to  the  IBM  version  that 
were  inoperative  on  the  FHWA  computer;  and  the  author,  then  being 
inexperienced  in  the  JCL  language,  was  unable  to  successfully 
correct  the  JCL  code  that  summer.   In  the  fall,  the  author  cut 
the  program  back  to  a  CDC  version  and  successfully  computed  (under 
his  own  personal  funding  and  additional  funding  from  the  University 
of  Arizona)  the  mode  shapes  and  frequencies  for  the  Sitka  Harbor 
Cable  Stayed  Bridge.* 

The  author  then  requested  computer  support  only  from  FHWA 
(Federal  Highway  Administration)  to  further  examine  the  possibilities 
of  the  SAP  program  series  for  bridge  analyses .  The  author  also  pro- 
posed that  the  report  on  research  should  contain  sufficient  back- 
ground information  so  that  an  engineer,  unfamiliar  with  finite  element 
analysis,  might  be  able  to  make  intelligent  changes  in  the  program 
to  suit  his  own  needs  without  repeating  the  extensive  research 
performed  by  the  author.  There  is  an  additional  fringe  benefit  to 
understanding  the  program  statements  in  detail.   If  a  user  wishes 
to  hand  check  certain  computations  when  experimental  data  is  not 
available,  he  can  use  print  statements  at  strategic  locations  in 
the  program  to  greatly  simplify  the  hand  calculations.   The  SSAP2 
program,  then  the  latest  available,  was  chosen  as  the  basis  for 
the  investigation  for  static  loading  on  bridges.   Volume  I  is  the 
r-esult  of  the  research  performed  from  July,  1973  through  May,  1974, 
and  contains  a  correlation  of  theoretical  and  experimental  data  for 


The  Bathe  dynamic  version  was  also  added  to  replace  the  original 
Rayleigh-Ritz  method  to  eliminate  the  trial  and  error  procedure 
for  evaluating  the  lowest  fundamental  frequency.  (5) 


the  four  Tennessee  Highway  Bridges  under  static  loading.  (6) 
Also  contained  therein  is  an  extensive  description  relating 
finite  element  theory  directly  to  the  program  statements  of 
SSAP2.   Finally,  a  complete  listing  is  presented  of  that  part  of 
the  SSAP2  program  used  for  bridge  analysis  together  with  full 
control  statements  for  the  CDC  6400,  IBM  360/370,  and  Honeywell 
6060  computers. 

FHWA  invited  the  author  to  rejoin  its  ranks  for  the  summer  of 
1974  to  extend  this  research  to  the  HET-70  loading,  the  results  of 
which  are  contained  in  Volume  II  of  this  report.   In  June,  1974, 
the  author 

met  with  representatives  of 
MTMTS  in  seminar  discussions  to  finalize  plans  for  the  additional 
Volume  II  to  complete  the  project.  Volumes  I  and  II,  therefore, 
will  serve  as  the  final  report  for  this  project  to  date.   Copies 
of  the  source  statements,  data  decks  for  the  four  bridges  and 
computer  printouts  are  now  on  file  with  MTMTS. 


The  work  on  the  Honeywell  computer  was  performed  in  the  summer 
of  1974  at  the  MTMTS  headquarters,  Bailey's  Cross  Roads, 
Virginia. 


II.  TABULATIONS  OF  MAXIMUM  DEFLECTION  AND  STRESS  LEVELS  IN  COMPARISON 
WITH  EXPERIMENTAL  DATA  AND  INFORMATION  FROM  PRELIMINARY  REPORTS 

1.  General 

Figure  1  shows  the  HET-70  tank  transporter  loaded  with  the 
M-60  tank.   It  has  an  overall  length  of  approximately  60  feet, 
weighs  195  kips  fully  loaded  and  transmits  its  load  through  8  tires 
in  the  cab  section  and  16  tires  in  the  trailer  section  as  shown  on 
page  A-12.   Page  A- 2  also  gives  further  design  engineering  data. 
In  preliminary  report  1  on  page  B-15  is  a  sketch  showing  the  design 
axle  loads  in  kips  for  the  fully  loaded  vehicle.   These  are  the  axle 
loads  used  for  analysis. 

Figures  2  through  8  show  the  loading  key,  direction  of  travel, 
and  location  of  strain  gages  for  the  four  Tennessee  bridges  tested. 
We  shall  evaluate  the  correlation  of  information  for  each  bridge 
in  turn. 

2.  Bridge  #1 

Figure  9  shows  the  location  of  the  tank  transporter  and 
direction  of  travel  for  each  of  the  five  loading  conditions  carried 
through  in  the  computer  analysis,  while  Figure  10  summarizes  the 
pertinent  information  derived  from  computer  results  and  compares 
them  to  the  preliminary  reports. 

When  preliminary  report  1  was  written,  the  calculated  value 
of  1715  kips  (page  B-12)  was  based  upon  load  condition  1  as  the 
position  of  the  transporter  on  the  interior  90'  span  of  the  bridge. 
In  Figure  10,  the  statics  is  first  recompiled  from  the  computer 
results  for  load  condition  1  at  a  section  4.8'  to  the  left  of  the 
centerline  of  the  90'  span.   The  computer  data  shows  a  moment  of 
1653  kip  feet  for  the  bridge  section  versus  the  1715  kip  feet  first 
calculated  by  simple  beam  procedures  in  preliminary  report  1.   The 
computer  moment  is  within  A  percent  of  the  hand  calculated  value. 

At  the  same  location  we  examine  the  percent  of  the  total  moment 
carried  by  the  exterior  and  interior  griders  respectively.   The  com- 
puter results  show  18%  of  the  total  moment  carried  by  each  exterior 
girder  and  32%  of  the  total  moment  carried  by  each  interior  girder, 
while  the  measured  averaged  distribution  of  moments  carried  by  these 
girders  (as  shown  on  page  B-26)  is  21.5%  for  each  exterior  girder  and 
28.5%  for  each  interior  girder.   Thus  there  is  reasonable  agreement 
between  the  computer  theoretical  method  and  the  experimental  data 
concerning  the  transverse  distribution  of  the  HET-70  tank  trans- 
porter wheel  loads  to  the  main  load  carrying  members  of  bridge  #1. 
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.5075(4.75) 
.8061(4.17) 

-  2.41 

-  3.36 
5.77 

13.74(4.75) 
15.69(4.17) 

-  65.27 

-  65.43 

M  (including 

slab) 

94.82(1.874) 

-  177.69 
112.9 

5.77 
296.36,k 

.8061(4.17) 
1.448(4.17) 

-  3.36 

-  6.04 
9.40 

15.69(4.17) 
16.67(4.17) 

-  65.43 

-  69.51 
134.94 

M  (including 

slab) 

170.7(1.874) 

-  319.89 
200.9 

9.40 
530.19' 

Moment  Check 

530.19 
296.36 

BRIDGE  01  -   Load  Condition  1 

e.g.  of  wheel  loads  4.8'  to  left  of  centerline 

of  interior  span 

P  -  130.7 
M  -  5.77 


1.874' 


P  -  94.82k 
M  -  112. 9,k 


P 

M 


134.94 
9.40 


P  -  170.7 
M  -  200.9 


£ 

€ 


Sh  67,68 


Bin  45 


Sh  68,69 


Bm  46 


Sum  of  Forces  Check 

+•    265.64 

-« 


826.55  x  2  -  1653. l'k  calculated 

1715  Preliminary  Report  #1 
Page  B-12 


265.52 

per  half  section 


Percent  Difference 


ziaon  (1715  -  1653.1)   -  ,„ 
(100)  ■* rrrr e-   ■  3.6% 


RATIO  IN  PERCENT  OF  TOTAL  RESISTING  MOMENT 
PROVIDED  BY 


Girder  &  Slab 
Girder  Alone 
Experimental  (Page  B-26) 


Exterior 

Interior 

Interior 

Exterior 

Girder 

Girder 

Girder 

Girder 

17.93 

32.07 

32.07 

17.93 

17.99 

32.01 

32.01 

17.99 

22 

29 

28 

21 

FIG.  10  -  CORRELATIONS  BETWEEN  COMPUTER  AND  EXPERIMENTAL 
DATA  FOR  BRIDGE  #1 
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COMPARISON  OF  DEFLECTIONS  IN  FOOT  UNITS 


Mldspan  -  90'  Span 
Load  Condition  1 

Exterior  Girder 
Interior  Girder 

.4  Point  -  70'  Span* 
Load  Condition  2 

Exterior  Girder 
Interior  Girder 

.4  Point  -  70*  Span* 
Load  Condition  4 

Exterior  Girder 
Interior  Girder 


Node 

Computer 

Experimental 
Page  B*-54 

163 
165 

.0482 
.0590 

.045 
.0592 

44 
46 

.0238 
.0366 

.0233 
.0425 

44 
46 

.0242 
.0368 



COMPARISON  OF  MAXIMUM  STRESSES  IN  PSI  UNITS 

Computer  maximum  stringer  stress  based  on  positive  stringer 

moment  -  beam  46  -  90'  span  (see  pages  16  and  E-4) .  7884 

Maximum  measured  stringer  stress  (see  page  B-19).  7050 

Computer  maximum  stringer  stress  based  on  negative  stringer 
moment  at  1st  interior  support  -  beam  28  (see  page  E-7  for 
details  of  calculation) .  7396 

AASHO  (3)   allowable  live  load  plus  impact  stress  based  on 
20,000  psi  allowable  total  stress  for  A-36  steel  (see  page 
E-4  for  further  explanation).  11200 

Maximum  computer  longitudinal  concrete  deck  stringer  stress.       360 

AASHO  allowable  concrete  stress  for  measured  f£  -  6870  psi        2748 

for  Class  A  concrete  f£  -  3000  psi        1200 

Maximum  computer  predicted  stringer  shear  stress.  2511 

AASHO  allowable  shear  stress  A-36  steel.  12000 

See  page  E-7  for  further  comparison  calculations 
concerning  stud  shear  connectors. 

Also  see  page  E-8  for  calculations  regarding  transverse 
stresses  in  concrete  deck  versus  allowable  AASHO  stresses. 


*  Nodes  are  at  30'  point,  whereas  experimental  values  are  at  28'  point 
along  span. 


FIG.  10  (Continued) 
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Also  compared  in  Figure  10  are  the  deflections  at  the  node  points. 
For  load  condition  1  the  deflections  at  the  centerline  of  the  90' 
span  are  .0482'  for  node  163  and  .0590'  for  node  165  (for  location 
of  these  nodes,  see  page  C-4) .   The  measured  deflection  at  these 
same  node  points  (preliminary  report  no.  3,  page  B-54)  show  values 
of  .045'  and  .0592'  respectively.   For  the  middle  of  the  end  span 
the  computer  deflection  under  load  condition  2  is  .0238'  at  node  44 
and  .0366'  at  node  46.   This  is  compared  with  the  experimental  data 
of  .0233'  for  node  44  and  .0425'  for  node  46  as  listed  on  page  B-54. 

In  the  analysis  of  single  simply  supported  spans,  one  can 
usually  predict  the  position  of  the  loads  for  the  absolute  maximum 
moment  in  a  span  through  a  simple  well-known  criteria.**  For  a 
continuous  beam  no  such  simple  criteria  is  available.  However, 
through  the  use  of  the  computer  program  one  can  insert  multiple  load- 
ing conditions  at  closely  spaced  intervals  along  the  bridge  to  ascer- 
tain the  maximum  loading  position  by  trial  and  error.  Multiple 
loading  conditions  are  an  economical  computer  calculation  by  the 
finite  element  method  since  only  one  vector  column  need  be  replaced 
in  the  solution  of  the  matrix  equations.  Load  conditions  2  and 
4  were  chosen  five  feet  apart,  and  show  practically  identical 
results  for  deflections  at  the  .4  point  of  the  end  span. 

Load  conditions  3  and  5  were  also  included  in  the  analysis 
for  the  purpose  of  determining  the  maximum  vertical  shear  stress 
in  the  girders.   From  a  review  of  the  printout,  a  maximum  shear  of 
65,150  lbs.  occurs  in  beam  element  64  under  loading  condition  5.*** 
On  the  basis  that  the  web-shear  area  of  the  W  36  x  170  steel  beam 
is  25.95  sq.  in.  the  resulting  shear  stress  is  only  2,511  psi. 

Figure  C-12  shows  the  proration  of  the  static  loads  described 
in  Volume  I  to  the  nearest  node  point  on  a  five  foot  grid  spacing 
along  the  bridge.  This  load  condition  was  included  only  for  the 
convenience  of  the  author  to  compare  deflection  readings  between 
Volume  I  which  modeled  the  entire  bridge  and  Volume  II  which  models 
only  half  the  bridge.  The  results  were  practically  identical. 

Appendix  E  contains  further  correlations  between  computer 
predicted,  measured,  and  AASHO  allowable  stresses  for  Bridges  #l-#4. 

3.   Bridge  #2 

Figure  11  shows  the  location  of  the  HET-70  tank  transporter 
on  bridge  #2  for  three  loading  conditions.  Load  condition  1  repre- 
sents the  loading  from  which  the  section  moment  was  calculated  on 
page  B-12;  preliminary  report  1.   Figure  12  compares  the  computer 


*     Divide  values  in  inches  on  page  B-54  by  12  to  get  values  in 
feet  shown  above. 

**    The  maximum  moment  in  a  beam  loaded  with  a  moving  series  of 

concentrated  loads  will  occur  at  the  load  nearest  the  center  of 
gravity  of  the  loads  on  the  beam  when  the  centerline  of  the  beam 
splits  the  distance  between  the  e.g.  of  the  loading  system  and  the 
load  at  the  point  of  maximum  moment. 

***   See  page  C-8. 
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FIG.  11  -  LOCATION  OF  HET-70  TANK  TRANSPORTER  ON 
BRIDGE  NO.  2  FOR  VARIOUS  LOAD  CASES 
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BRIDGE  #2  -  Load  Condition  1 
Skew  section  near  centerline  of  bridge  as  indicated  by 

beams  25-28 


P  =  94.16 
x.   M  =  1.634 

M  (including  slab) 

37.73(2.478)  =  93.49 

1.63 

r             86.12 

181.24 

M  (including  slab) 

187.60(2.478)  -  464.87 

6.41 

194.40 

665.68 

M  (including  slab) 

170.30(2.478)  =  422.00 

5.69 

232.50 

660.19 

M  (including  slab) 

42.46(2.478)  •=  105.22 

.92 

87.04 

193.18 

Sum  oi 

Calculated 

Preliminary  Report  #1 
Page  B-12 

-  2.0% 

10.18(4.35) 
11.60(4.30) 

.1000(4.35) 
.2788(4.3) 

13.55(4.3) 
14.21(4.3) 

.7427(4.3) 
.7479(4.3) 

15.83(4.3) 
14.43(4.3) 

.7595(4.3) 
.5626(4.3) 

10.83(4.3) 
10.37(4.35) 

.1825(4.3) 
.0322(4.35) 

Forces  Che< 

B 

B 

S 
B 

B 
S 

8 
S 

B 
S 

B 

:k 

44.283 
49.880 

Sh  49,50 

<  1      -i 

94.163 

J 

-   2.478' 

Bm  25 

.4350 
1.1988 
1.6338 

J 

■^     P  -  37 

M  —   QA 

.73k 

1  o«l 

n   =  oo.  i-i. 

P  -  119.37 
^   M  -  6.410 

58.265 
61.103 

Sh  51,52 

c   A 

7.60 

L19.368 

J 

3.194 
3.216 

Bm  26 

J' 

P  -  18 

6.410 

M  -  194.40 

P  -  130.12 
■*v  M  -  5.685 

68.069 
62.049 

Sh  53,54 

(  ) 

0.30 

L30.118 

J 

Bm  27 

3.266 
2.419 

J 

P  -  17 

5.685 

M  =  232.50 

P  -  91.68 
"S  M  -  .9249 

46.569 
45.110 

Sh  55,56 

x    \ 

.46 

91.679 

J 

.7848 
.1401 
.9249 

Bm  28 

J 

P  -  42 

Moment 

M  -  87.04 

Check   181.24 
665.68 
660.19 
193.18 
1700.29' 
1735 
f ference 

nv  (1735  -  1700) 
;     1735 

435.33 
438.09 

Percent  Di 
(10 

FIG.  12  -  CORRELATION  BETWEEN  COMPUTER  AND  EXPERIMENTAL  DATA 
FOR  BRIDGE  #2 
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RATIO  IN  PERCENT  OF  TOTAL  RESISTING  MOMENT 
PROVIDED  BY 


Exterior 

Interior 

Interior 

Exterior 

Girder 

Girder 

Girder 

Girder 

(High  Side) 

Girder  &  Slab            10.66 

39.15 

38.83 

11.36 

Girder  Alone              14.35 

32.40 

38.75 

14.50 

Experimental  (Page  B-30)   14 

31 

36 

19 

COMPARISON  OF  DEFLECTIONS  AT  SKEWED  CENTER  SECTION  OF  BRIDGE 

Node  Computer       Experimental 

Page  B-55 

93  .007967  .0108 

96  .01838  .0233 

99  .01809  .0233 

102  .007995  .0108 

COMPARISON  OF  MAXIMUM  STRESSES  IN  PSI  UNITS 

Computer  maximum  girder  compression  stress  based  on 

positive  girder  moment  -  beam  26  (see  pages  20  and  E-18) .       1476 

AASHO  allowable  concrete  girder  stress.  2000 

Computer  maximum  longitudinal  compression  stress  in  the 

concrete  slab.  466 

AASHO  allowable  concrete  compression  slab  stress.  1200 

Computer  predicted  maximum  live  load  and  Impact  stress 

at  the  bottom  of  the  girder  for  HET-70  loading.  804 

Maximum  actual  girder  stress  recorded,  based  on  8700  psi 

concrete  (see  pages  B-21,  B-58,  and  E-17) .  570 

See  pages  E-16,  E-18,  and  E-20  for  discussion  of 

prestressing  steel  stresses,  diagonal  tension  reinforce- 
ment, and  transverse  slab  analysis. 


FIG.  12  (Continued) 
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results  with  preliminary  report  1,  and  shows  excellent  agreement 
for  calculating  the  moment  along  the  skew  section  in  accordance 
with  the  criteria  described  on  page  18.  When  preliminary  report  1 
was  written,  the  bridge  moment  was  calculated  according  to  this 
criteria  for  a  non-skew  bridge.   Fortunately,  in  the  section  con- 
sidered by  Figure  12  the  wheel  loads  on  the  bridge  were  on  the 
same  side  of  the  section  for  a  skew  bridge  as  they  would  be  for 
the  non-skew  bridge.   Therefore,  for  a  symmetrical  loading  pattern 
about  the  center  path  of  the  bridge,  the  resulting  moment  for  the 
non-skew  and  skew  bridges  are  the  same. 

When  we  look  at  the  ratio  of  total  resisting  moment  carried 
by  each  of  the  girders  across  the  skew  section  as  shown  in  Figure 
12,  we  note  that  there  is  considerable  difference  between  the  dis- 
tribution pattern  taken  by  the  girder  and  slab  versus  the  moments 
taken  by  the  girder  alone.   In  comparing  these  results  with  the 
experimental  data,  there  seems  to  be  an  inconsistency  in  the  inter- 
pretation of  the  statement,  "moment  taken  by  each  girder."  Reason 
would  seem  to  dictate  that  the  slab  must  interact  with  the  pres tressed 
girder  to  carry  the  bending  moment,  yet  there  is  much  better  correla- 
tion by  comparing  the  girder  moments  alone  with  the  experimental 
values  rather  than  comparing  the  girder  and  slab  moments  to  the 
experimental  values.   The  author  has  no  explanation  for  this.   It 
probably  has  something  to  do  with  the  fact  that  the  experimental 
values  were  determined  by  considering  a  non-superelevated  bridge, 
and  prorating  the  width  of  the  concrete  slab  to  act  with  the  girder 
proper.   On  this  basis,  from  the  computer  data,  the  author  has  been 
able  to  proceed  by  statics  calculation  to  balance  top  and  bottom 
axial  loads  for  each  girder,  but  the  results  are  rather  confusing 
because  the  width  of  the  slab  section  would  seem  to  change  at  every 
five  foot  interval  along  the  bridge.  Apparently  there  is  an  inter- 
action between  the  torsional  moments  and  the  bending  moments  in  the 
skew  bridge  that  changes  the  picture  considerably  from  section  to 
section.  The  number  of  strain  gage  points  in  the  experimental  tests 
were  not  enough  to  shed  any  further  light  on  the  problem.   It  is 
suggested  that  this  might  be  a  fruitful  area  for  exploration 
experimentally  —  namely,  to  correlate  the  slab  width  necessary  to 
balance  the  girder  moments  along  the  various  sections  of  the  bridge 
by  computer  analysis  and  further  experimentation. 

Prior  to  making  the  runs  published  in  this  report,  the  author 
did  input  bridge  2  into  the  computer  without  superelevation  and 
curvature,  and  found  that  there  was  a  considerable  difference  between 
the  girder  moments  of  that  analysis  and  the  results  published  herein. 
Of  course,  refining  the  bridge  input  to  provide  superelevation  and 
curvature  provides  a  more  realistic  model* 
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During  the  first  few  computer  runs  the  author  provided  a 
moment  resistence  about  the  longitudinal  axis  at  the  support 
points  of  the  girders  for  skew  bridges  #2  and  #3.   Unfortunately, 
this  produced  exceptionally  high  end  moments  at  the  supports  which 
were  difficult  to  explain  in  terms  of  the  simply  supported  con- 
ditions.  He,  thereupon,  removed  all  rotational  restraints;  and 
the  new  computer  runs  from  which  the  results  of  this  report  are 
taken  did  give  zero  end  moments  about  the  y  axis  of  the  bridge. 

It  should  be  noted  that  the  composite  girder  moments  as 
shown  in  Figure  12  are  an  equivalent  moment  computed  from  a  beam 
element  slaved  to  shell  elements.   In  design,  these  equivalent 
moments  would  then  be  applied  to  design  of  a  true  shear  connected 
composite  section.   There  is  still  considerable  hand  calculation 
involved  in  evaluating  the  equivalent  section  moment  for  each 
girder.   It  may  be  possible  to  augment  the  SSAP2  program  to  compute 
these  equivalent  moments  directly. 

As  a  matter  of  interest,  load  condition  1  does  not  give  the 
maximum  moment  situation  for  the  interior  girders.   Somewhat  higher 
moments  were  developed  for  load  condition  3,  which  placed  the  in- 
dividual wheel  loads  on  girder  two  to  satisfy  the  simple  girder 
maximum  moment  criteria. 


4.   Bridge  #3 

Figure  13  shows  the  position  of  the  HET-70  tank  transporter 
on  bridge  #3  for  the  various  load  cases  which  are  similar  to  bridge 
#2.   Calculations  for  moments  and  deflections,  load  condition  1,  for 
this  bridge  are  given  in  Figure  14.   In  bridge  #3  it  was  necessary 
to  recalculate  the  simple  beam  bridge  moments  from  that  presented 
on  page  B-12.   The  reason  for  recalculating  these  moments  was  because 
some  of  the  loads  for  the  non-skew  bridge  were  on  opposite  sides  of 
the  moment  section  after  they  would  be  placed  for  the  skew  bridge, 
resulting  in  an  error  of  approximately  11%.   Therefore,  each  girder 
was  treated  as  a  simple  beam  carrying  the  loads  shown  in  Figure  C-23. 
The  new  calculations  showed  a  skewed  section  moment  of  1147  foot 
kips,  while  the  old  section  moment  presented  on  page  B-12  was  1235 
kips.   Figure  14  shows  a  comparison  of  the  moment  calculated  on  the 
basis  of  each  girder  acting  as  a  simple  beam  versus  the  final  computer 
results  after  redistribution  of  the  moments  to  the  girders.  Notice 
the  considerable  change  that  has  occurred  through  the  interaction 
of  the  various  pieces  of  the  bridge.  The  data  shown  by  Figure  14 
is  self-explanatory. 
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FIG.  13  -  POSITION  OF  HET-70  TANK  TRANSPORTER  ON  BRIDGE 
NO.  3  FOR  VARIOUS  LOAD  CASES 
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BRIDGE  #3  -  Load  Condition  1 
Skew  section  near  centerline  of  bridge  as  indicated  by 

beams  17-20 
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FIG.  14  -  CORRELATION  BETWEEN  COMPUTER  AND  EXPERIMENTAL  RESULTS  FOR 
BRIDGE  #3 
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RATIO  IN  PERCENT  OF  TOTAL  RESISTING  MOMENT 
PROVIDED  BY 
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Maximum  measured  HET-70  stress  (see  page  B-20) 
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Also  see  page  B-12  for  design  loading  stress. 

Computer  maximum  shear  stress  (see  page  E-26). 
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FIG.  14  (Continued) 
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5.   Bridge  #4 


Figure  15  shows  the  location  of  the  HET-70  tank  transporter 
on  bridge  M  for  four  load  cases.   Only  the  moment  distribution 
for  load  condition  1  is  presented  in  Figure  16.   There  were  no 
experimental  values  for  this  bridge  with  the  HET-70  loading. 
However,  the  Tennessee  report  does  show  ratios  of  23%  to  exterior 
girders  and  27%  to  interior  girders  for  an  HS-40  center-path  load- 
ing at  crawl  speed  which  is  in  agreement  with  the  data  shown  in 
Figure  16,  although  for  a  different  type  of  vehicle. 
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FIG  15  -  LOCATION  OF  HET-70  TANK  TRANSPORTER  ON  BRIDGE 
NO.  4  FOR  VARIOUS  LOAD  CASES 
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BRIDGE  #4  -  Load  Condition  1 
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RATIO  IN  PERCENT  OF  TOTAL  RESISTING  MOMENT 
PROVIDED  BY 
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FIG.  16  -  COMPUTER  PREDICTIONS  FOR  LOAD  DISTRIBUTION  AND 
DEFLECTION  FOR  BRIDGE  #4 
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COMPARISON  OF  MAXIMUM  STRESSES  IN  PSI  UNITS 

Compression  stress  in  steel  girder  for  maximum 

positive  live  load  plus  dead  load  moment.  12,399 

Allowable  flexural  stress.  18,000 

Computer  predicted  maximum  stress  for  negative  live 

and  dead  load  moment.  10,887 

Maximum  shear  stress.  5,590 

Allowable  shear  stress.  11,000 

See  page  E-30  for  a  discussion  of  the  transverse 
slab  stresses. 


FIG.  16  (Continued) 
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III.  CONCLUSIONS  AND  LIMITATIONS 


1.  The  results  of  this  research  show  excellent  correlation  between 
computer  analysis  and  experimental  results  for  straight,  contin- 
uous, composite  steel  girder  concrete  deck  bridges  and  for  skew, 
simple  span  composite  concrete  girder  and  concrete  deck  bridges 
when  the  skew  is  under  30°. 

2.  Computer  methodology  presented  herein  will  allow  the  direct 
determination  of  actual  wheel  loads  (military  or  non-military) 
to  the  longitudinal  load  carrying  members  of  the  above  bridges 
without  the  restrictive  simplifying  assumptions  associated  with 
empirical  methods. 

3.  The  computer  methodology  presented  herein  can  safely  be  used  to 
determine  stresses  and  deflections  of  the  above  bridges  for  any 
heavy  military  traffic,  subject  to  the  provisions  that  the  traffic 
is  slow  enough  (crawl  speed,  less  than  5  mph)  so  that  the  loading 
can  be  considered  a  static  loading  condition. 

4.  In  the  case  of  the  HET-70,  the  path  of  travel  should  be  a  centerline 
path  along  the  bridge;  with  no  other  traffic  on  the  bridge. 

5.  With  respect  to  widened  bridges  the  computer  program  can  be  used 
to  determine  the  most  favorable  path  of  travel  for  the  HET-70. 
Care  must  be  taken  to  examine  the  continuity  provisions  between 
old  and  new  construction. 

6.  This  research  is  limited  to  a  linear  analysis  program,  the  SSAP2 
program;  therefore,  the  computer  program,  as  it  now  stands,  can 
only  be  used  when  the  response  of  the  bridge  is  known  to  be  in  a 
linear  range. 
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IV.   RECOMMENDATIONS 


1.  It  is  recommended  that  other  types  of  bridges,  such  as  box  girder 
bridges,  curved  girder  bridges,  and  long  span  structures  (suspen- 
sion bridges  and  arches)  be  investigated  with  the  SSAP2  program  to 
determine  its  reliability  in  predicting  stresses  and  deflections 
of  these  bridge  types. 

2.  A  curved  beam  element  should  be  investigated  for  its  correlation  in 
the  SSAP2  program  with  expected  data  on  curved  girder  bridges. 

3.  Using  the  computer  program,  it  is  possible  to  input  different  design 
parameters  on  selected  bridge  types  to  develop  simplified  stress 
charts  for  rapidly  determining  the  load  carrying  capability  of  these 
types  of  bridge  structures  on  an  emergency  basis.   It  is  recommended 
that  further  research  be  done  to  prepare  these  charts  for  decision 
aids  for  field  personnel  for  various  classes  of  heavy  military 
vehicles. 

4.  The  capabilities  of  non-linear  programs  should  be  investigated 
for  correlation  of  stress  prediction  in  the  non-elastic  behavior 
of  these  bridge  structures. 
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1.   INTRODUCTION 

Three  bridges  formerly  on  the  Tennessee  State  highway  system 
became  available  for  research  study  early  in  19&9  when  replacement  bridges 
were  ready  for  service.   It  became  necessary  to  abandon  the  three  service- 
able bridges  since  they  are  to  be  inundated  by  a  new  TVA  reservoir  in 
late  1970.   The  approaches  to  the  bridges  remain  connected  to  the  relocated 
highway  permitting  easy  access  to  the  bridges  by  test  vehicles  with  the 
advantage  of  freedom  from  interference  with  regular  traffic. 

At  the  same  time  that  the  bridges  became  available  for  research 
there  arose  a  pressing  need  to  resolve  the  problem  of  determining  the 
effect  of  the  new  Department  of  the  Army  HET-70  Main  Battle  Tank  Trans- 
porter loading  (195 > 000  pounas)  on  typical  highway  bridges,  particularly 
those  of  lighter  load  ratings.   A  cooperative  research  study  by  the 
Bureau  of  Public  Roads,  Department  of  the  Army,  Tennessee  Department  of 
Highways  and  University  of  Tennessee  was  therefore  initiated  to  take 
advantage  of  the  opportunity  to  utilize  these  bridge  specimens  for  a 
program  of  controlled  loadings  involving  the  fully-loaded  HET-70  tank 
transporter. 

The  ■Drimary  objective  of  this  study  is  to  determine  the  actual  live 
load  bending  moment  distribution  of  various  moving;  live  loads  to  the  main 
load-carrying  members  of  typical  highway  bridges  for  correlations  with 
empirical  design  distributions  and  with  the  distributions  predicted  by 
analytical  methods.  The  measured  strains  and  deflections  under  controlled 
loading  obtained  from  gages  located  at  critical  sections  on  each  bridge 
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provide  an  immediate  comparison  of  the  relative  effects  on  each  bridge  of 
each  of  the  various  loadings.   Data  obtained  from  additional  gages  at 
other  points  will  subsequently  reveal  information  on  live  load  deflections, 
deck  slab  stresses  and  stresses  developed  in  cantilevered  pier  caps.  As 
a  corollary  to  the  principal  objective,  dynamic  stress  amplifications  at 
various  speeds  will  be  determined  for  the  HET-70  tank  transporter  loading. 
Finally,  fundamental  information  on  the  vibration  frequencies  and  damping 
characteristics  of  each  bridge  will  be  developed  and  analysed. 

The  Bridges 

The  three  bridges  used  for  this  study  are  described  as  follows: 

1.  A  four-span  (70* -90' -90' -70' )  continuous  steel  beam  structure: 
the  excellent  approaches  permitted  unrestricted  test  vehicle 
speeds.  Four  rows  of  36-inch  vide -flange  beams  spaced  at  100- 
inch  centers  support  the  7-inch  composite  slab  forming  the  28- 
foot  roadway.  The  beams  have  both  top  and  bottom  flange  cover 
plates  over  the  piers.  The  bridge  is  an  E20-Sl6-kk  design  structure 
built  in  1963.   (Fig.  B-l) . 

2.  A  5 3 -foot  span  skewed  (30  right)  simple  span  reinforced  concrete 
T-beam  bridge:  the  poor  approaches  severely  restricted  test 
vehicle  speeds.  Four  l8-inch  wide  T-beam  flanges  spaced  at  82-inch 
centers  with  an  8^-- inch  slab  form  the  2U-foot  roadway  bridge  which 
is  an  H-15  design  structure  built  about  1938.  (Fig.  B-2) 

3.  A  65 -foot  span  skewed  (20°  right)  simple  span  prestressed  concrete 
beam  structure:   the  vertical  and  horizontal  curvature  and  super- 
elevation of  the  approaches  restricted  the  test  vehicle  speeds 
somewhat.   Four  rows  of  AASHO  Type  III  prestressed  I-beams  at 
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approximately  104-inch  centers  support  a  7 -inch  slab  which  forms 
the  28-foot  roadway.  The  bridge  is  an  H20-S16-M+  design  structure 
built  in  1962.  (Fig.  B-3). 

The  Loadings 

The  vehicles  used  to  load  the  bridge  included  the  Department  of 
the  Army  HET-70  tank  transporter  seen  in  Fig.  B-l,  the  Bureau  of  Public 
Roads  Bridge  Research  Test  Vehicle  seen  in  Fig.  B-2  and  an  M-60  track- 
laying  combat  tank  seen  in  Fig.  B-3.  The  HET-70  tank  transporter  is  an 
8-axle  pneumatic -tired  vehicle  with  fully-loaded  gross  load  and  axle 
loads  as  indicated  in  Fig.  B-A.  The  HET-70  load  indicated  is  the  load 
which  results  when  the  transporter  is  carrying  an  M3T-70  battle  tank 
and  was  obtained  by  loading  the  transporter  with  an  M-60  combat  tank 
and  a  surcharge  of  armor  plate  strapped  to  the  gun  barrel  on  the  tank. 
The  HET-70  has  an  overall  width  of  12  feet  and  the  dual  wheels  of  the  four 
rear  axles  are  at  102-inch  centers.  The  pressure  in  each  of  the  2k   tires 
was  90  psi. 

The  M-60  track-laying  combat  tank  weight  of  approximately  105,000 
pounds  is  carried  on  two  22 -inch  wide  rubber -cleat ed  tracks  at  92~f°0'k 
centers.  The  tracks  contact  the  roadway  over  a  Ik- foot  length. 

The  Bureau  of  Public  Roads  Bridge  Research  Test  Vehicle,  hereafter 
referred  to  as  the  BPR  test  vehicle,  is  a  tractor  and  semitrailer  combina- 
tion which  when  loaded  to  7^,000  pounds  closely  simulates  the  H20-S16-M+ 
three-axle  design  vehicle  loading  used  for  two  of  the  test  bridges.  The 
two  32,000-pound  dual-tired  axles  on  the  BPR  test  vehicle  are  spaced 
20. k   feet  apart  and  the  10,000-pound  front  axle  is  13.0  feet  ahead  of 
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the  first  32,000-pound  axle.  The  pressure  in  each  of  the  10  tires  was 
90  psi.  The  dual  wheels  of  the  two  heavy  axles  are  at  75 -inch  centers. 

2.  DESCRIPTION  OF  TEST  PROGRAM 
The  field  study  of  the  three  bridges  included  the  measurement  of 
maximum  bending  moment  strains  at  critical  sections  in  each  of  the  three 
different  types  of  bridges  involved.  Each  of  the  bridges  required  a 
particular  selection  of  strain  gage  locations  to  bring  out  these  responses 
most  effectively.  The  geometry  and  approach  conditions  of  each  bridge 
as  related  to  the  dimensions  of  the  test  vehicles  also  required  slightly 
different  test  loading  patterns  for  each.  The  gage  locations  and  loading 
patterns  are  described  in  detail  below.  The  gages  described  do  not 
represent  all  the  gages  installed.  The  responses  in  the  additional 
gages  will  be  covered  in  the  more  comprehensive  final  report. 

Four -Span  Continuous  Steel  Beam  Bridge 

The  maximum  measured  stresses  in  this  bridge  as  reported  herein  are 
the  average  responses  from  two  gages  located  near  each  edge  of  the  under- 
side of  the  bottom  flange  of  each  beam  at  a  section  h.8   feet  from  midspan 
of  one  of  the  90-foot  spans.  Gages  on  four  additional  sections  of  two 
adjacent  exterior  and  interior  beams  at  and  near  midspan  of  the  same  span 
provided  supplemental  data. 

Reinforced  Concrete  T-Beam  Bridge 

The  concrete  cover  over  the  second  bar  of  the  four  reinforcing 
bars  in  the  bottom  row  in  each  T-beam  flange  was  partially  removed  at 
the  critical  sections  to  permit  installing  strain  gages  along  the  lower 
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surface  of  the  1-^-inch  square  bar  without  destroying  the  bond  on  the 
other  three  sides.  Two  of  the  sections  represented  the  theoretical 
maximum  moment  sections  on  this  suan  for  the  BPR  test,  vehicle  and 
for  the  HET-70  loading.  Because  of  the  skew  of  the  bridge,  the 
corresponding  gaged  sections  on  each  beam  were  offset  from  each  other. 
Strains  and  stresses  computed  from  strains  reported  herein  represent 
the  maximum  values  measured  at  any  of  the  sections  on  each  beam  for 
each  particular  loading  sequence. 

Prestressed  Concrete  Beam  Bridge 

The  measured  responses  for  this  bridge  represent  the  average 
responses  from  two  gages  located  near  each  edge  of  the  underside  of 
the  bottom  flange  of  each  of  the  four  beams.  Five  cross -sections  at  or 
near  the  theoretical  maximum  moment  sections  for  the  BPR  test  vehicle 
and  for  the  HET-70  loading  were  gaged  on  this  span. 

As  this  simple  span  was  also  a  skewed  bridge  the  corresponding 
gaged  sections  were  offset  from  one  another  on  each  beam  and  the  measured 
strains  reported  herein  are  the  maximum  measured  at  any  gaged  section  on 
each  beam  for  each  particular  loading. 

Test  Loading  Pattern 

Each  of  the  three  vehicles  used  in  the  study  (BPR  test  vehicle, 
HET-70,  and  M-60  tank)  was  driven  across  each  bridge  in  one  direction 
on  a  prescribed  set  of  paths  at  various  speeds.  The  theoretical 
maximum  moment  sections  for  each  loading  were  determined  and  gaged  with 
regard  to  the  planned  direction  of  approach  of  the  vehicles.  On  the 
steel  bridge  one  set  of  runs  was  made  from  each  direction  with  the  BPR 
test  vehicle  for  supplementary  data.  The  findings  reported  herein 
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represent  only  the  "crawl"  speed  runs  (about  h   mph)  made  with  each  of 
the  three  vehicular  loadings  in  the  same  direction  on  identical  paths. 
The  prescribed  paths  included  one  path  with  the  vehicle  centered  along 
the  centerline  of  each  bridge.  The  other  paths  included  two  in  which 
each  vehicle  followed  a  line  7  feet  on  either  side  of  centerline  for  the 
28-foot  roadway  bridges  and  6  feet  on  either  side  of  centerline  for  the 
2*4- foot  roadway  bridge.   In  addition,  the  BPR  test  vehicle  traversed  two 
paths  on  which  the  vehicle  was  centered  9  feet  on  either. side  of  centerline 
for  the  two  28-foot  roadway  bridges.  These  vehicle  paths  are  designated 
1  to  5  from  left  to  right  (as  seen  by  the  driver)  on  the  28-foot  roadways 
and  1  to  3  from  left  to  right  on  the  2U-foot  roadways.  The  prescribed 
paths  were  closely  adhered  to  by  the  vehicles  on  all  runs  except  that 
during  crossings  on  paths -1  and  3  on  the  2^-foot  roadway  the  narrower 
roadway  forced  the  HET-70  transporter  and  the  M-60  tank  to  follow  paths 
averaging  5  feet  from  centerline  rather  than  the  6  feet  offset  followed 
by  the  BPR  test  vehicle. 

3.   PRESENTATION  OF  RESULTS 
In  this  preliminary  report,  maximum  live  load  bending  moment  stresses 
and  strains  at  selected  critical  sections  have  been  shown  for  each  of  the 
three  vehicles  moving  across  each  of  the  three  bridges  at  crawl  speed. 
The  strains  measured  on  the  steel  beams  and  on  the  reinforcing  bars  have 
been  converted  to  stress  using  an  assumed  elastic  modulus  of  30  x  10  psi. 
The  reported  values  represent  the  maximum  extreme  fiber  stress  at  the 
bottom  flange  (or  lowest  reinforcing  bar)  measured  during  the  vehicle 
passage  on  various  paths.   The  comparable  responses  for  the  prestressed 
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concrete  beam  bridge  are  reported  as  measured  strains  (microinches  per 
inch).  Fig.  B-5  shows  a  typical  cross-section  of  the  four-span  continuous 
steel  bridge  and  Figs.  B-6,  B-7,  B-8  show  the  maximum  measured  stresses 
at  a  section  h.Q   feet  from  midspan  of  one  90-foot  span.  Comparable 
stresses  measured  on  adjacent  exterior  and  interior  beams  at  four  other 
sections  at  and  near  midspan  in  the  same  span  indicated  a  5  to  10  percent 
higher  maximum  live  load  stress  was  developed  at  the  precise  midspan 
section  for  the  BPR  test  vehicle  and  M-60  tank  loadings.  The  plotted 
stresses  are  shown  for  the  BPR  test  vehicle  on  paths  1  to  5  and  for  the 
HET-70  and  M-60  loadings  on  paths  2,  3>  and  k,   all  traveling  at  crawl 
speed. 

For  the  reinforced  concrete  bridge  and  for  the  prestressed  concrete 
beam  bridge,  both  of  which  are  skewed,  the  tabulated  responses  are  the 
maximum  stresses  or  strains  measured  at  any  of  the  five  gaged  sections 
at  or  near  midspan  during  a  particular  vehicle  passage  on  one  prescribed 
path.  (Fig.  B-9  and  Fig.  B-10) .  Since  the  effect  of  skevness  could  be 
determined  more  readily  on  the  prestressed  concrete  beam  bridge,  only 
two  beams  were  instrumented  on  the  reinforced  concrete  bridge  where  it 
was  necessary  to  remove  concrete  cover  from  the  reinforcing  bars.  The 
measured  strains  for  the  skew  bridges  cannot  be  used  to  obtain  distribution 
in  these  bridges  as  for  the  steel  bridge  since  the  tabulated  maximum 
values  do  not  necessarily  occur  simultaneously  or  at  the  same  section. 
A  more  comprehensive  study  of  the  load  distribution  in  skew  bridges  will 
be  part  of  the  final  report. 
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The  combined  effects  of  the  roadway  superelevation,  skew  and 
curvature  on  the  relative  beam  strains  of  the  prestressed  bridge  is 
quite  noticeable  even  though  the  maximum  values  tabulated  again  do  not 
necessarily  occur  simultaneously  or  at  the  same  section.  It  is  readily 
apparent  that  relatively  greater  strains  are  induced  in  the  two  lower 
beams  of  the  bridge. 

k.      DISCUSSION  OF  RESULTS 
The  findings  presented  herein  represent  a  presentation  of  the 
digitized  and  tabulated  measured  strains  which  may  be  subject  to 
additional  refinement  as  the  remaining  supplementary  data  is  analyzed 
for  the  final  report. 

For  the  BPR  test  vehicle  centerline  crawl  run  loading  of  the 
four-span  continuous  steel  bridge  (the  only  non-skewed  structure  of  the 
three  tested),  62.5  percent  of  the  sum  of  the  maximum  measured  stresses 
for  all  four  beams  is  carried  by  the  two  interior  beams.  For  the  com- 
parable HET-70  loading  the  two  interior  beams  carried  60.6  percent; 
for  the  M-60  tank  loading  6k, 0  percent.  On  this  basis  the  relative  dis- 
tribution of  maximum  stresses  among  the  main  load-carrying  members  on 
this  bridge  for  tire  wider  HET-70  and  M-60  loadings  on  bridge  centerline 
is  not  significantly  different  from  that  for  the  BPR  test  vehicle. 

When  assessing  the  relative  magnitudes  of  the  responses  of  the  three 
bridges  studied,  consideration  must  be  given  to  the  magnitudes  of  the 
actual  applied  bending  moment  to  the  design  bending  moment  in  each  case. 
The  total  bridge  design  moment  is  a  function  of  the  number  and  spacing 
of  beams,  span  length  and  assumed  design  live  load  in  accordance  with 
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the  AASHO  Standard  Specifications  for  Highway  Bridges.  The  total  bridge 
applied  moment  is  calculated  from  a  consideration  of  the  bridge  span 
length  and  the  load  vehicle  axle  spacing  and  load  distribution.  Table  1 
shows  the  computed  applied  and  design  bending  moments  for  the  test 
bridges.  Values  of  design  dead  load  stresses  and  live  load  plus  impact 
stresses  are  also  shown.  For  these  calculations  the  M-60  tank  load  was 
assumed  to  be  uniformly  distributed  over  the  1^4— foot  length  of  the 
roadway  track  contact. 

5.   SUMMARY 
The  findings  to  date  on  this  study  permit  an  indication  of  the 
maximum  measured  live  load  responses  to  be  presented  at  this  time. 
The  measured  responses  give  no  indication  that  any  distress  in  main 
load-carrying  members  of  any  of  the  three  specimen  bridges  due  to  bending 
moments  was  induced  by  any  of  the  three  vehicles  moving  at  crawl  speed 
on  normal  traffic  lanes.  The  crossings  of  the  vehicles  on  the  bridge 
centerline  provided  an  even  more  favorable  situation  with  regard  to  the 
stresses  and  strains  developed. 

6.   FUTURE  FINDINGS 
The  final  report  will  include  the  dynamic  response  amplifications 
induced  at  various  speeds,  the  relationships  of  the  total  indicated  bending 
moments  to  static  computed  moments,  live  load  deflections,  stresses 
measured  in  deck  reinforcing  steel  and  in  cantilevered  pier  caps  and  a 
correlation  with  a  computerized  theoretical  analysis. 
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FIG.  B-2  -  BPR  TEST  VEHICLE  ON  REINFORCED  CONCRETE 
T-BEAM  BRIDGE 


FIG.  B-3  -  M-60  TANK  ON  PRESTRESSED  CONCRETE  BEAM  BRIDGE 
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FOREWORD 

The  first  preliminary  research  report  of  the  field  loading  study  of 
three  highway  bridges  with  the  U.  S.  Army  HET-70  Main  Battle  Tank  Trans- 
porter was  issued  in  June  1969.   A  review  of  that  report  is  recommended 
as  a  prerequisite  to  the  assimilation  of  the  material  in  this  report  since 
the  former  report  described  the  specimen  bridges  and  the  test  procedures 
in  detail. 

This  second  preliminary  report  is  being  issued  in  order  to  provide 
current  information  on  the  findings  to  date.   The  final  comprehensive 
report  on  the  study  will  include  additional  findings,  a  correlation  with 
a  computerized  theoretical  analysis  of  the  responses  of  the  structures, 
and  an  accompanying  color  film  of  the  field  test  which  is  in  the  preparation 
stage. 
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1.     LIVE  LOAD  BENDING  MOMENT  DISTRIBUTION 

Calculations  have  been  made  by  others  of  the  total  bending  moment 
induced  by  the  HET-70  loading  (using  AASHO  design  allowance  for  impact) 
on  a  typical  60-foot  span  steel  girder  and  concrete  slab  bridge  designed 
in  accordance  with  the  AASHO  H-15-44  loading.  When  the  proportion  of  the 
HET-70  moment  assigned  to  the  most  heavily  loaded  girder  was  varied  between 
35  and  40  percent  for  a  range  of  beam  spacings  between  66  and  90  inches 
and  the  results  compared  with  design  moments,  a  significant  degree  of 
overloading  was  indicated.   One  of  the  purposes  of  the  research  described 
herein  is  to  determine  whether  actual  responses  of  typical  highway  bridges 
under  the  HET-70  loading  support  the  assumptions  made  in  the  above  described 
calculations  concerning  (1)  the  percentage  of  the  total  HET-70  loading 
carried  by  the  most  heavily  loaded  beam  and  (2)  the  appropriate  allowance 
for  impact  to  be  added  in  calculating  the  effect  of  the  HET-70  loading. 

The  measured  live  load  strains  on  the  girder  flanges  and  webs,  and 
on  the  T-beam  reinforcing  bars  and  concrete  surfaces  were  evaluated  to 
establish  the  actual  neutral  axis  locations  in  the  various  main  load 
carrying  members  of  the  three  test  bridges.   Typical  neutral  axis  determin- 
ations are  shown  for  the  90-foot  span  of  the  four-span  continuous  steel  girder 
bridge  in  Fig.  B-ll  and  Fig.  B-12.  The  characteristic  upward  trend  of  the  neutral 
axisas  the  magnitude  of  the  load  on  the  instrumented  girder  increased  was 
common  to  all  three  bridges.   This  has  been  noted  by  others—  and  advanced 
as  an  argument  In  favor  of  using  the  Guy on-Mass one t  orthotropic  plate  theory 
for  load  distribution  in  composite  bridge  structures  in  lieu  of  the  beam 


1/  Cassaro,  M.  A.,  Investigation  of  Structural  Performance  of  the  Suwannee 

River  Bridge;  Presented  at  the  54th  Annual  Meeting  of 
AASHO,  December  1968. 
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theory  presently  used  for  design.   For  the  purpose  of  the  present  study 
the  neutral  axis  location  measured  for  a  particular  bridge  and  vehicle 
loading  combination  was  used  in  the  subsequent  calculations  of  the  resist- 
ing moments. 
a)    Four-Span  Continuous  H20-S16-44  Steel  Girder  Bridge 

Using  the  experimentally  determined  neutral  axis  locations  indicated 
for  the  centerline  loadings  and  assigning  a  100-inch  wide  portion  of  the 
slab  to  each  interior  girder  and  half  the  remaining  slab  plus  curb  to 
each  exterior  girder,  calculations  of  the  centroidal  moments  of  each 
composite  girder  section  were  made  with  a  number  of  trial  values  for  n, 
the  ratio  of  the  elastic  modulus  of  steel  to  that  of  the  concrete.  When 
a  theoretical  neutral  axis  location  was  obtained  which  provided  a  close 
comparison  with  the  experimentally  determined  location,  that  value  of  n 
was  used  in  calculating  the  actual  section  modulus  of  each  girder  section. 
The  resisting  moments  were  then  obtained  by  combining  the  maximum  measured 
bottom  flange  stresses  with  these  section  moduli.   A  good  comparison  was 
obtained  with  the  theoretical  applied  moments. 

The  resulting  distribution  of  the  resisting  moments  from  this  analysis 
for  the  three  vehicle  loadings  on  centerline  and  on  a  normal  traffic  path 
are  as  follows: 
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RATIO  OF  TOTAL  RESISTING  MOMENT  PROVIDED  BY 


Exterior 
Girder 


Interior 
Girder 


Interior 
Girder 


Exterior 
Girder 


Test  Vehicle  Runs  on  Bridge  Centerline 
HET-70    0.22        0.29        0.28        0.21 
Tank      0.21        0.31        0.29        0.19 
BPR       0.20        0.29        0.29        0.22 

Test  Vehicle  Runs  on  Normal  Traffic  Path 
HET-70    0.04        0.15        0.32        0.49 
Tank      0.03        0.16        0.32        0.49 
BPR       0.03        0.16        0.32        0.49 

The  assignment  of  35  to  40  percent  of  the  HET-70  applied  moment 
to  the  most  heavily  loaded  girder  for  calculating  the  effect  of  the 
passage  of  such  a  vehicle  in  cases  of  beam  spacing  up  to  90  inches 
appears  valid  from  the  data  obtained  on  this  bridge  provided  there  is  to 
be  no  control  of  the  path  of  the  vehicle  on  the  bridge.   Even  higher  per- 
centages appear  warranted  for  wider  beam  spacings.   If  the  HET-70  vehicle 
is  to  be  restricted  to  a  centerline  crossing,  however,  a  lower  percentage 
of  the  total  applied  moment  might  be  assigned  in  accordance  with  the 
above  tabulation  of  resisting  moments, 
.b)    Reinforced  Concrete  H-15  T-Beam  Bridge 

For  the  skewed  single  span  reinforced  concrete  T-beam  bridge,  the 
stresses  measured  in  the  bottom  steel  reinforcing  bars  in  the  stems 
seemed  low  at  first  glance.  The  evaluation  of  the  experimental  data  to 
account  for  this  phenomenon  proceeded  as  follows. 


B-26 


The  location  of  the  neutral  axis  was  derived  from  the  simultaneous 
strain  responses  of  gages  on  the  bottom  reinforcing  steel,  on  the  top 
slab  surface  and  on  the  side  surfaces  of  the  stem  at  a  single  cross  section 
on  both  an  interior  and  an  exterior  beam.   The  effect  of  compression 
reinforcement  was  neglected  and  the  extent  of  existing  concrete  cracking 
in  the  stem  was  assumed  to  be  less  than  the  cracking  which  might  result 
from  the  application  of  the  HET-70  loading.   The  cracking  stress  for 
concrete  in  the  stem  was  assumed  to  be  450  psi. 

The  curb  section  was  considered  to  be  acting  compositely  with  the 
exterior  stem.   Calculations  were  made  of  the  centroidal  moments  about 
the  experimentally  determined  neutral  axis  for  each  T-beam  section  using 
trial  values  of  n  and  trial  proportions  of  the  available  deck  slab  width. 
In  addition  an  appropriate  area  of  concrete  below  the  neutral  axis  was 
considered  to  be  effective  in  tension  to  a  point  where  the  measured 
stresses  in  the  section  indicated  a  stress  level  of  450  psi.  A  balanced 
section  consistent  with  the  measured  neutral  axis  locations  was  found  to 
occur  when  a  value  for  n  of  6.5  was  used  and  when  102  inches  of  slab 
width  was  assigned  to  the  interior  T-beam  section  and  62  inches  of  slab 
width  to  the  exterior  section. 

The  section  modulus  for  each  T-beam  composite  section  was  then 
calculated  using  these  values.  Assuming  the  bridge  to  be  symmetrical  in 
response,  the  calculated  section  moduli  were  combined  with  the  maximum 
measured  live  load  stresses  to  obtain  the  following  distribution  of 
resisting  moments,  the  sum  of  which  correlated  very  well  with  the 
respective  applied  moments. 
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RATIO  OF  TOTAL  RESISTING  MOMENT  PROVIDED  BY 

Exterior     Interior     Interior     Exterior 
T-Beam       T-Beam       T-Beam       T-Beam 

Test  Vehicle  Runs  on  Bridge  Centerline 

HET-70     0.20        0.30  0.30  0.20 

Tank       0.21        0.29  0.29  0.21 

BPR       0.18        0.32  0.32  0.18 

Test  Vehicle  Runs  on  Normal  Traffic  Path 

HET-70     0.10        0.21  0.32  0.37 

Tank       0.11        0.23  0.28  0.38 

BPR       0.08        0.18  0.33  0.41 

Thus  in  spite  of  the  30-degree  skew  of  this  bridge  the  resisting 
moment  distribution  for  centerline  runs  is  essentially  the  same  as  for 
the  non-skewed  steel  bridge.   For  the  normal  traffic  path  runs  the  distri- 
bution is  more  uniform;  whether  due  to  skewness  or  to  some  other  factor 
is  not  known, 
c)    Prestressed  Concrete  H20-S16-44  Bridge 

The  calculation  of  the  resisting  moments  for  the  composite  girder 
sections  of  the  skewed  single  span  prestressed  concrete  bridge  required 
that  numerical  values  be  assigned  to  the  moduli  of  elasticity  of  the  con- 
crete in  tne  deck  slab  and  in  the  girders.  The  first  step  was  to  establish 
the  ratio  of  the  two  moduli. 

Trial  values  of  the  ratio  of  the  moduli  and  trial  proportions  of  the 
available  deck  slab  width  were  used  to  calculate  centroidal  moments  about  the 
measured  neutral  axis  locations.  The  curb  section  was  considered  to  be 
fully  composite  with  the  exterior  girder.   The  effect  of  superelevation 
and  variation  of  overhang  was  neglected  and  the  bridge  was  considered 
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to  have  symmetrical  section  properties.   When  a  correlation  of  the  measured 
and  theoretical  neutral  axis  locations  was  achieved,  the  ratio  of  the 
modulus  of  the  deck  slab  concrete  to  the  girder  concrete  was  found  to  be 
0.83  and  the  effective  slab  widths  required  for  the  interior  and  exterior 
girders  were  122  inches  and  60  inches  respectively. 

Next  the  apparent  modulus  of  the  girder  concrete  was  determined  by 
equating  the  calculated  test  vehicle  applied  moment  to  the  measured 
resisting  moments  in  accordance  with  the  following  equation. 


Applied  Moment  t  ? 
Ec 


Interior  Girder  Resisting  Moment 
Ec 


2   Exterior  Girder  Resisting  Moment 

The  terms  in  brackets  are  known  since       '    "        «  Se  where  S  is 
the  calculated  section  modulus  based  on  the  experimentally  determined 
neutral  axis  and  e  is  the  measured  bottom  flange  live  load  tensile  strain. 

When  the  expression  equating  the  applied  and  resisting  moments  was 
solved,  an  apparent  modulus  of  elasticity,  Ec,  for  the  girder  concrete  of 

6.9  x  10  psi  was  obtained.   This  value  compares  well  with  values  obtained 

2/ 
in  like  manner  by  other  researchers.—   The  reasons  for  the  higher  values 

obtained  for  apparent  moduli  in  this  way  compared  with  values  from  labora- 
tory tests  are  thought  to  be  due  to  the  higher  rate  of  loading  and  the 
small  strains  measured.  These  factors  tend  to  make  the  calculated  apparent 
modulus  more  nearly  resemble  the  higher  tangent  modulus  than  the  normally 
measured  secant  modulus.   In  addition  the  modulus  of  elasticity  of  concrete 
is  known  to  increase  with  age. 


2/  Douglas  and  VanHorn,  Lateral  Distribution  of  Static  Loads  in  a 

Pres tressed  Concrete  Box  Beam  Bridge,  Lehigh  University  FEL  Report 
No.  315.1,  1966. 
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When  the  resisting  moments  were  calculated  a  good  comparison  was 
obtained  with  the  theoretical  applied  moments  and  the  following  distri- 
bution resulted. 

RATIO  OF  TOTAL  RESISTING  MOMENT  PROVIDED  BY 

Exterior    Interior    Interior    Exterior 
Girder      Girder      Girder      Girder 

Test  Vehicle  Runs  on  Bridge  Centerline 

HET-70    0.14       0.31       0.36       0.19 

Tank     0.15       0.32       0.36       0.17 

BPR       0.13       0.32       0.38       0.17 

The  right  hand  columns  in  which  the  higher  ratios  appear  represent  the 

low  side  of  the  superelevated  roadway. 

Test  Vehicle  Runs  on  Normal  Traffic  Path 


Exterior 

Interior 

Interior 

Exterior 

Girder 

Girder 

Girder 

Girder 

HET-70 

0.02 

0.18 

0.34 

0.46 

Tank 

0.03 

0.18 

0.37 

0.42 

BPR 

0.04 

0.17 

0.36 

0.43 

The  right  hand  side  columns  again  represent  the  low  side  of  the  roadway. 

For  the  centerline  loadings  it  is  evident  that  a  greater  proportion 
of  the  total  resisting  moment  is  provided  by  the  interior  girders  than 
for  the  other  two  bridges.   For  the  normal  traffic  path  loadings,  a 
lesser  proportion  of  the  total  resisting  moment  is  provided  by  the  more 
heavily  loaded  exterior  girder  than  was  the  case  for  the  steel  bridge. 
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2.     DYNAMIC  AMPLIFICATIONS  OF  STRESS 

Dynamic  amplification  of  stress  results  when  a  vehicle  crosses  a 
structure  at  a  speed  sufficient  to  induce  a  random  vibration  (which  may 
be  more  or  less  harmonic)  that  results  in  an  increase  of  measured  stress 
over  that  measured  under  the  crawl  speed  crossing  by  the  same  vehicle. 
The  crawl  speed  stress  corresponds  to  the  static  live  loading  of  the 
structure.   The  stress  amplification  due  to  moving  load  is  a  transient 
effect  and  one  not  amenable  to  precise  repetition  or  definition.  The 
individual  maximum  measured  values  of  all  responses  measured  will  there- 
fore be  utilized  in  this  instance  to  describe  dynamic  amplifications  in 
the  three  test  bridges  under  the  three  vehicle  loadings.  The  only  dynamic 
amplifications  of  stress  which  are  of  concern  are  those  which  occur  in  the 
presence  of  a  high  level  of  static  live  load  stress.  Lightly  loaded 
members  often  exhibit  a  large  dynamic  amplification  percentage  which  are 
of  no  concern  since  the  resultant  stress  level  is  still  relatively  low. 
a)    Four-Span  Continuous  Girder  Bridge 

It  was  planned  that  the  test  vehicles  would  cross  this  bridge  at 
nominal  speeds  of  15  mph,  30  mph  and  the  maximum  speed  attainable  in 
addition  to  the  crawl  speed  runs  of  about  3  mph.  The  site  conditions 
and  vehicle  characteristics  limited  the  maximum  speeds  to  29.2  mph  for 
the  tank,  38.7  mph  for  the  HET-70  and  43.0  mph  for  the  BPR  test  vehicle. 
The  maximum  speed  (for  the  HET-70)  under  the  best  roadway  conditions  is 
reported  to  be  about  40  mph.  Maximum  speed  runs  were  generally  attempted 
only  on  centerline  paths  across  the  bridge. 
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The  maximum  dynamic  stress  amplification  under  the  HET-70  vehicle 
moving  on  centerline  in  the  90-foot  span  was  an  18.7  percent  increase  to 
8,350  psi  in  the  interior  girder  bottom  flange  on  a  maximum  speed  run. 
A  slightly  higher  stress  level  was  reached  on  a  normal  traffic  path  run 
at  15  mph  but  this  represented  only  a  5.1  percent  increase  to  9,300  psi 
in  the  exterior  girder  bottom  flange.   On  the  same  vehicle  runs,  the 
dynamic  stress  amplifications  in  the  end  span  were  even  lower,  reaching 
12.3  percent  and  9.0  percent  for  centerline  and  normal  traffic  path  runs 
respectively. 

For  the  BPR  test  vehicle  crossings  the  maximum  stress  amplifications 
occurred  in  the  end  span  for  both  centerline  and  normal  traffic  paths. 
The  maximum  amplification  for  a  centerline  run  was  a  16.7  percent  increase 
of  the  interior  girder  bottom  flange  stress  to  3,920  psi  at  15  mph.  The 
maximum  comparable  normal  traffic  path  amplification  was  a  36.2  percent 
increase  to  5,550  psi  in  the  exterior  girder  also  at  15  mph.  The  maximum 
stress  amplifications  observed  in  the  90-foot  span  for  the  BPR  test  vehicle 
were  5.1  and  6.8  percent  for  centerline  and  normal  traffic  path  runs  respec- 
tively. 

For  the  tank  crossings  all  dynamic  stress  amplifications  of  heavily 
loaded  members  were  less  than  5.0  percent. 

The  preceding  stress  amplifications  are  summarized  below  for  reference. 

MAXIMUM  PERCENTAGE  OF  STRESS  AMPLIFICATION 

End  Span  90-Foot  Span 

Centerline      Normal  Path      Centerline     Normal  Path 


HET-70 

12.3 

Tank 

<5.0 

BPR 

16.7 

9.0 

18.7 

5.1 

<5.0 

<5.0 

<5.0 

36.2 

5.1 

6.8 
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It  is  apparent  that  the  dynamic  stress  amplifications  observed  in 
this  bridge  over  the  full  range  of  speed  of  the  HET-70  vehicle  on  both 
centerline  and  normal  traffic  paths  is  quite  moderate  compared  to  the 
allowance  for  impact  in  design.   While  the  dynamic  stress  amplification 
under  the  BPR  test  vehicle  exceeded  the  design  impact  allowance  in  one 
instance,  the  total  live  load  stress  for  this  loading  level  was  well  below 
the  design  level. 

b)  Reinforced  Concrete  T-Beam  Bridge 

The  approach  roadway  for  this  bridge  had  been  obliterated  during 
construction  of  the  replacement  roadway  and  bridge.   The  temporary  approach 
roadway  constructed  to  allow  the  test  vehicles  to  get  on  the  bridge  for 
the  purpose  of  this  study  was  of  light  construction  and  limited  the  test 
vehicle  speeds  to  about  10  mph  except  that  the  tank  was  able  to  reach 
20.1  mph.   At  this  speed  there  was  virtually  no  dynamic  amplification  of 
stress  in  the  bridge  under  the  passage  of  the  HET-70  vehicle.   Under  the 
BPR  test  vehicle  the  dynamic  stress  amplification  in  one  heavily  loaded 
member  reached  a  surprising  24  percent  at  10.3  mph.   The  maximum  amplifi- 
cation for  the  tank  at  20.1  mph  was  13.5  percent.  Due  to  the  limited 
speeds  attained  on  this  bridge,  no  further  comment  on  these  results  is 
warranted. 

c)  Prestressed  Concrete  Bridge 

The  maximum  speeds  attained  on  this  bridge  for  the  HET-70  vehicle, 
the  BPR  vehicle  and  the  tank  were  36.9  mph,  32.5  mph  and  15.0  mph 
respectively.   The  tank  speed  was  limited  by  the  difficulty  of  steering 
the  tracked  vehicle  on  the  curved  roadway  alignment. 

As  was  observed  on  the  steel  bridge,  the  BPR  test  vehicle  induced 

the  highest  dynamic  stress  amplifications  (25  percent)  and  the  tank 

induced  the  lowest  (about  5  percent) .  The  maximum  amplifications  under 
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the  HET-70  vehicle  passages  were  of  the  order  of  15  percent.   The  dynamic 
stress  amplifications  are  obviously  not  a  function  of  the  ratio  of  vehicle  | 
length  to  bridge  length  since  the  tank  and  the  HET-70  vehicle  represent 
two  extremes  of  vehicle  length  and  yet  induce  smaller  dynamic  amplifica- 
tions than  the  BPR  test  vehicle  whose  length  falls  between  that  of  the 
tank  and  the  HET-70.   Undoubtedly  the  vehicle  suspensions  have  a  greater 
influence  on  dynamic  stress  amplification  than  any  other  single  factor. 

On  this  bridge  an  attempt  was  made  to  stimulate  greater  dynamic 
amplification  under  the  passage  of  the  HET-70  vehicle  by  driving  the 
vehicle  at  15  mph  several  times  over  a  2-inch  thick  plank  placed  at 
various  locations  on  the  bridge  deck.   No  significant  difference  in  the 
dynamic  stress  amplification  resulted. 

3.     OTHER  BRIDGE  MEMBER  RESPONSES 

Grouped  in  this  section  but  discussed  separately  are  the  initial 
findings  deduced  from  special  gages  installed  on  the  structure  or  from 
general  observations  made  during  the  conduct  of  the  field  test  or  during 
the  reduction  of  the  data, 
a)    Measured  Deck  Slab  Stresses 

A  single  strain  gage  was  installed  on  a  transverse  No.  5  reinforcing 
bar  of  the  bottom  layer  of  bars  located  at  5-inch  centers  in  the  deck 
slab  on  the  prestressed  concrete  bridge.   The  bar  was  exposed  by  removing 
the  concrete  cover  on  the  underside  of  the  slab  with  a  chipping  hammer 
at  a  point  midway  between  the  interior  girders  and  10  feet  from  the  line 
of  girder  bearings  at  the  abutment.   The  responses  of  this  gage  were  moni- 
tored during  crossings  of  the  bridge  with  each  of  the  three  test  vehicles 
on  centerline  and  normal  traffic  paths  and  during  two  special  runs  in  whicl 
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the  BPR  test  vehicle  and  HET-70  tank  transporter  were  driven  across  the  bridge 
with  one  line  of  wheels  directly  over  the  location  of  the  subject  gage.   Only 
in  the  latter  two  instances  were  significant  stresses  recorded.   The  maximum 
stress  recorded  for  the  BPR  test  vehicle  loading  was  2,860  psi  and  for  the 
HET-70  tank  transporter  loading  was  3,440  psi.   It  is  evident  from  the  low 
magnitudes  of  these  steel  stresses  that  neither  of  these  loadings  represented 
a  severe  transverse  positive  bending  moment  condition  for  the  7-inch  concrete 
deck  slab  in  this  bridge, 
b)    Measured  Pier  Cap  Bending  Stresses 

The  instrumented  prestressed  concrete  bridge  span  was  one  of  a  series 
of  simple  spans  with  intermediate  supports  on  concrete  hammerhead  piers. 
The  cantilevered  caps  of  the  piers  supported  the  exterior  lines  of  bridge 
girders  while  the  two  interior  lines  of  girders  were  located  over  the  center 
monolithic  portion  of  each  pier.   In  order  to  measure  the  live  load  effect 
transmitted  to  caps  through  the  exterior  girder  bearings,  a  horizontal 
reinforcing  bar  near  the  cap  top  surface  comprising  part  of  the  tensile 
reinforcement  resisting  the  exterior  girder  bearing  reactions  on  the  canti- 
levered pier  cap  was  exposed  by  removing  the  concrete  cover  with  a  chipping 
hammer,  and  a  strain  gage  was  installed  on  the  bar  (Fig.  B-13).   The  maximum 
live  load  stress  recorded  in  this  bar  under  the  HET-70  loading  was  3,740  psi. 
The  calculated  dead  load  stress  for  this  member  was  7,300  psi.   It  is  evident 
that  the  maximum  influence  of  the  HET-70  vehicle  on  this  member  imposed  no 
severe  loading  condition. 
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4.  CONTINUING  WORK 

Additional  findings  are  being  extracted  from  the  field  test  data  in 
the  following  subject  areas: 

1.  Bridge  deflections  under, live  loading. 

2.  Maximum  moment  sections  in  skewed  bridges. 

3.  The  dynamic  characteristics  of  the  test  bridges. 

A  brief  motion  picture  film  is  being  prepared  by  the  Federal  Highway 
Administration  Publication  and  Visual  Aids  Branch  to  supplement  the 
published  findings.   The  film  will  depict  the  conduct  of  the  field  study 
and  will  illustrate  some  typical  findings  drawn  from  the  research. 

A  computerized  routine  for  the  theoretical  analysis  of  the  responses 
of  highway  bridges  under  any  given  live  loading  is  currently  being  debugged 
and  is  expected  to  be  ready  for  inclusion  in  the  final  report. 

5.  SUMMARY 

This  study  affirms  that  it  would  be  difficult  to  predict  live  load 
resisting  moment  distributions  generally  in  highway  bridges  for  specific 
loadings  due  to  the  many  variables  which  influence  such  distributions. 
This  study  does,  however,  demonstrate  the  degree  to  which  resisting  moment 
distribution  can  be  controlled  by  restrictions  on  the  path  and  speed  of 
crossing  of  a  particular  vehicle  on  a  given  bridge.   It  is  further  demon- 
strated that  a  considerable  reserve  capacity  may  exist  in  a  bridge  for 
safely  carrying  greater  live  loads  than  design  calculations  would  indicate. 

With  regard  to  the  effect  of  the  speed  of  the  vehicle  while  crossing 
a  bridge,  the  HET-70  vehicle  crossed  two  widely  different  bridge  types 
at  the  maximum  speed  attainable  without  inducing  dynamic  amplifications 
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of  live  load  stress  greater  than  18.7  percent.   By  contrast  the  BPR 
test  vehicle  which  more  nearly  resembles  a  typical  highway  truck 
induced  much  higher  live  load  dynamic  amplifications.   It  is  apparent 
that  some  characteristic  of  the  HET-70  vehicle,  perhaps  the  overall  load 
distribution  or  the  particular  suspension  system  may  tend  to  reduce  the 
impact  of  this  vehicle  on  highway  bridges  compared  to  more  typical  high- 
way vehicles. 
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HOT  TO  SCALE 


FIG.  B-13  -  STRAIN  GAGE  LOCATION  IN  PIER  CAP  FOR  MEASURING  LIVE 

LOAD  EFFECTS  TRANSMITTED  BY  EXTERIOR  GIRDER  BEARINGS. 
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FOREWORD 

This  is  the  third  research  report  on  the  field  loading  studies  of 
three  highway  bridges  in  Tennessee  with  the  U.  S.  Army  HET-70  Main  Battle 
Tank  Transporter.   The  two  previous  reports  were  issued  in  June,  1969  and 
October,  1969.  A  review  of  those  reports  is  recommended  as  a  prerequisite 
to  the  reading  of  this  report  in  order  to  provide  background  material  for 
the  better  understanding  of  the  material  presented  herein.  This  report 
completes  the  presentation  of  the  field  study  findings.   A  summary  final 
report  will  be  issued  in  the  near  future  to  consolidate  the  material 
presented  in  the  three  preliminary  reports.  Additional  information 
on  a  computerized  theoretical  analysis  of  the  bridge  loadings  will  also 
be  provided  in  the  final  report. 

An  18-minute  narrated  color  film  describing  the  conduct  of  the 

field  study  and  presenting  some  preliminary  findings  has  been  prepared 

by  the  Bureau  of  Public  Roads.   Loan  of  the  film  which  is  entitled 

"Tennessee  Bridge  Test"  may  be  had  upon  request  to: 

U.  S.  Department  of  Transportation 
Federal  Highway  Administration 
Photographic  Section 
Washington,  D.  C.   20591 
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1.     INTRODUCTION 

This  report  presents  findings  resulting  from  the  analysis  of  the 
measured  live  load  responses  of  the  following  highway  bridges  described 
in  detail  in  the  first  preliminary  report  of  this  research: 

1.  A  four-span  (70' -90' -90* -70')  continuous  steel  rolled  beam  bridge. 

2.  A  53-foot  span  skewed  (30  right)  simple  span  reinforced  concrete 
T-beam  bridge. 

3.  A  65-foot  span  skewed  (20  right)  simple  span  prestressed  concrete 
I-beam  bridge. 

Each  of  these  bridges  were  loaded  in  turn  with  the  following  test  vehicles 
also  described  in  detail  in  the  first  report: 

1.  A  three-axle  tractor  and  semi- trailer  combination  which  closely 
simulated  an  HS-20-44  design  vehicle  (called  BPR  herein) . 

2.  A  105,000  pound  U.  S.  Army  track-laying  combat  tank. 

3.  A  195,400  pound  8  axle  pneumatic- tired  U.  S.  Army  HET-70  tank 
transporter. 

In  this  report  the  effect  of  skew  on  the  two  concrete  bridges  is  contrasted 
with  the  behavior  of  the  unskewed  steel  bridge.   In  other  sections  of  the 
report  the  live  load  deflections  and  vibration  responses  of  the  bridges 
are  discussed  in  detail.   Finally,  a  procedure  for  evaluating  the  capability 
of  simple  span  bridges  to  carry  the  HET-70  Main  Battle  Tank  Transporter 
loading  is  described. 
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2.     BRIDGE  DEFLECTIONS 

A  summary  presentation  of  the  maximum  measured  live  load  deflection 
responses  of  the  longitudinal  girders  for  the  four-span  continuous  steel 
bridge  is  contained  in  Table  2.  The  deflection  responses  of  the  main  load- 
carrying  member  of  the  two  concrete  bridges  are  summarized  in  Table  3* 

A  comparison  of  the  live  load  deflections  in  these  tables  shows  that 
the  two  concrete  bridges  are  considerably  less  flexible  than  the  steel 
bridge  as  would  be  expected.   Of  the  two  concrete  bridges,  the  pres tressed 
bridge  with  the  wide  beam  spacing  and  thinner  slab  exhibits  the  less 
uniform  distribution  of  deflection  to  the  four  main  load-carry  members 
with  the  HET-70  loading  on  the  bridge  centerline.   This  behavior  parallels 
the  less  favorable  distribution  of  resisting  moments  noted  in  the  Phase  2 
report.  The  deflection  responses  of  the  steel  bridge  indicate  that  the 
interior  girders  are  relatively  more  flexible  than  the  exterior  girders 
in  the  70-foot  end  span  compared  to  the  90-foot  second  span.   Concurrent 
live  load  stress  magnitudes  in  the  end  span  exterior  girders  were  generally 
only  slightly  lower  than  in  the  second  span  exterior  girders.   The  maximum 
live  load  stress  magnitudes  in  the  interior  girders  were  slightly  higher 
in  the  end  span  than  in  the  second  span.   It  is  not  known  without  confirming 
studies  on  other  bridges  of  this  type  whether  the  relatively  greater 
flexibility  of  the  interior  girders  (as  compared  with  exterior  girders)  in 
the  end  span  is  characteristic  of  this  particular  bridge  or  is  a  hitherto 
unrecognized  characteristic  of  certain  types  of  continuous-span  steel 
girder  structures.   The  ratios  of  the  interior  to  exterior  maximum  live  load 
girder  deflections  and  stresses  are  summarized  in  Table  4. 
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It  is  apparent  that  lateral  distributions  of  deflection  are  also  a 
function  of  vehicle  dimensions.   The  narrower  BPR  test  vehicle  loading 
was  not  as  well  distributed  laterally  on  the  steel  bridge  as  the  other 
test  vehicle  loadings.   Lateral  distributions  of  loading  were  not  evaluated 
for  the  concrete  bridges.   In  general  no  significance  would  be  expected  to 
attach  to  the  analysis  of  lateral  deflection  distribution  for  these  short- 
span  skewed  concrete  bridges.   However,  consistent  with  the  observation 
in  the  Phase  2  report  that  the  interior  girders  of  the  prestressed  bridge 
provided  a  greater  proportion  of  the  total  resisting  moment,  the  live 
load  deflections  of  the  interior  girders  of  this  bridge  are  proportionately 
greater  than  the  exterior  girder  deflections. 

3.     EFFECT  OF  SKEW 

To  determine  whether  the  location  of  the  section  at  which  the  maximum 
live  load  stress  developed  in  the  longitudinal  load-carrying  members 
is  influenced  by  bridge  skew,  strain  gages  were  located  on  the  two  concrete 
bridges  at  a  number  of  closely  spaced  sections  near  midspan.   Fig.  B-14  shows 
the  strain  gage  locations  on  the  T-beam  stem  reinforcement,  together  with 
the  maximum  live  load  stresses  at  each  gage  point  for  the  various  test 
loadings.   Figs.  B-15,  16,  and  17  present  similar  responses  from  strain  gages 
located  on  the  bottom  surfaces  of  the  prestressed  concrete  girders.   The 
maximum  responses  at  any  section  in  each  member  for  a  particular  loading 
condition  are  underscored.   The  theoretical  maximum  moment  sections  for 
simple  beam  loading  are  also  indicated.   Additional  details  on  the  gaging 
and  loadings  referred  to  in  these  figures  are  given  in  the  first  preliminary 
report. 
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Two  readily  apparent  phenomena  associated  with  the  T-beam  bridge 
responses  are  seen  in  Fig.  B-14s 

1.  The  maximum  observed  responses  in  the  interior  griders  generally 
did  not  occur  at  the  theoretical  maximum  moment  section  calculated 
for  a  simple  span  beam  loading. 

2.  The  maximum  bending  moment  stress  in  the  exterior  girder  occurs 
at  or  near  midspan  for  all  test  vehicle  crossings  on  all  paths • 

The  prestressed  girder  bridge  with  thinner  slab  and  wider  girder 
spacing  is  seen  to  respond  as  follows: 

1.  When  the  interior  girders  are  heavily  loaded,  (Fig.  B-16)  the  maximum 
stresses  occur  at  sections  closer  to  midspan  than  in  the  T-beam 
bridge  but  generally  not  at  the  theoretical  section  calculated 

from  simple  beam  loading. 

2.  When  the  exterior  girders  carry  a  significant  portion  of  the  distri- 
buted load  (Figs.  B-15  and  B-17)  the  maximum  stresses  occur  very 
nearly  at  the  section  at  which  they  would  be  calculated  to  occur, 
based  on  theoretical  simple  beam  loading. 

On  each  skewed  bridge  the  measured  responses  on  the  same  interior 
member  give  indications  that  the  maximum  response  may  occur  at  either 
of  two  sections.   Since  this  phenomenon  was  evident  for  loadings  with 
all  three  vehicles  it  may  be  attributable  to  the  unsymmetrical  transverse 
distribution  of  wheel  loads  to  main  members  in  skewed  bridges. 

Strain  gages  were  also  located  on  closely  spaced  sections  on  the 
70-foot  end  span  and  90-foot  second  span  of  the  unskewed  continuous  span 
steel  girder  bridge.   In  the  90-foot  second  span,  the  maximum  bending  moment 
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stresses  occurred  at  the  mldspan  section  of  both  exterior  and  interior 
girders  for  all  loadings  with  each  test  vehicle.   In  the  70-foot  end 
span  the  maximum  stresses  generally  occurred  at  the  same  section  for 
loadings  with  each  test  vehicle.   This  is  based  on  responses  of  the 
interior  girder  since  no  observations  were  made  on  the  exterior  girder. 
It  is  concluded  that  the  variations  in  the  locations  of  the  maximum 
moment  sections  for  the  different  vehicles  on  the  different  paths  on 
the  two  concrete  bridges  may  be  attributable  to  the  effect  of  skew. 
However,  any  generalized  conclusions  about  the  effect  of  skew  based  on 
observations  on  two  bridges  are  not  warranted.   Additional  research  in 
this  area  leading  to  the  more  economical  design  of  short  and  intermediate 
span  skewed  beams  appears  to  be  in  order,  however,  based  on  indications 
that  live  load  bending  moments  in  skewed  bridges  may  be  more  uniformly 
distributed  than  assumed  for  simple  span  beam  loading. 

4.     BRIDGE  VIBRATIONS 

Vibration  responses  measured  on  each  bridge  include  natural  frequencies, 
mode  shapes,  amplitudes  and  damping.   Vibration  data  were  available  from 
strain  and  deflection  gages  and  from  low-frequency-sensitive  vertical 
accelerometers  mounted  on  the  deck  of  the  steel  girder  bridge  on  each 
side  of  the  roadway  of  each  of  the  two  instrumented  spans  during  the  BPR 
test  vehicle  runs.   Vehicle-induced  vertical  accelerations  measured  at 
these  four  points  provided  good  definition  of  the  vibration  mode  shapes. 
Additional  detail  on  this  instrumentation  technique  will  be  included  in 
the  final  report. 

A  unique  opportunity  was  afforded  in  this  study  to  evaluate  the 
effect  on  bridge  responses  of  high-frequency  forced  vibrations  such  as 
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were  imposed  by  the  passages  of  the  heavy  track-laying  tank.   The  passage 
of  this  tracked  vehicle  is  comparable  to  a  wheeled  vehicle  crossing  a 
bridge  with  a  transversely  corrugated  deck.   No  detailed  correlation 
was  made  of  the  various  factors  involved  such  as  the  cleat  spacing  on 
the  tracks,  the  speed  of  the  tank  crossing  and  the  response  of  the 
bridge.   Nevertheless  the  variations  in  the  bridge  forced-vibration 
frequency  of  response  obviously  resulted  from  the  interrelationship 
of  the  speed  and  the  cleat  spacing.   At  crawl  speeds  only  the  bridge 
natural  frequencies  of  response  were  in  evidence. 

The  high-frequency  forced  vibrations  imposed  by  the  passage  of  the 
tank  at  speeds  from  10  to  20  mph  ranged  in  frequency  between  28  and  64  cps 
and  were  superimposed  on  the  bridge  natural  frequency  response  (Fig.  B-18). 
As  noted  above  the  frequency  of  the  forced  response  was  generally 
proportional  to  the  speed  of  passage.   The  high-frequency  vibration 
amplitudes  were  often  of  considerable  magnitude  as  seen  in  Fig.  B-18  even 
though  this  response  is  in  the  region  above  resonance  where  amplification 
factors  are  less  than  unity. 

No  comparable  high-frequency  responses  were  observed  under  the 
passage  of  the  rubber-tired  BPR  and  HET-70  vehicles.   In  these  instances 
only  the  natural  frequencies  of  the  bridge  responses  and  some  low-frequency 
forced  responses  were  in  evidence.   It  was  also  evident  that  all  responses 
induced  by  the  tracked  vehicle  were  far  more  harmonic  in  character  than 
the  responses  induced  by  the  rubber-tired  vehicles. 

Another  unusual  feature  observed  during  the  tank  passage  was  a 
vibration  amplitude  of  considerable  magnitude  in  the  prestressed  concrete 
bridge  at  the  bridge  natural  frequency  (6.9  cps)  during  the  passage  of  the 
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tank  at  crawl  speed.   It  may  be  surmised  In  the  absence  of  more  positive 
evidence  that  the  repetition  rate  of  the  passage  of  tank  track  cleats 
at  crawl  speed  may  have  been  close  to  the  natural  frequency  of  the  bridge 
with  the  unexpected  result  of  high  stress  amplifications  at  crawl  speed 
for  this  vehicle.   The  magnitudes  of  natural  frequency  responses  of  the 
other  two  bridges  under  a  similar  condition  was  not  as  pronounced.   In 
general,  however,  the  forced  excitation  of  bridge  natural  frequencies 
and  higher  frequencies  by  frequent  passages  of  tracked  vehicles  on 
bridges  could  be  a  matter  of  concern. 

The  bridge  responses  under  passages  of  the  rubber-tired  vehicles 
are  summarized  as  follows: 

a)   Four-span  continuous  steel  girder  bridge 

The  principal  free  vibration  responses  observed  from  accelerometer 
responses  during  the  passage  of  the  BPR  vehicle  fell  in  the  3.0-3.6  cps 
range  with  two  mode  shapes  (Fig.  B-19)  which  could  not  be  differentiated 
in  frequency.   For  vehicle  runs  on  centerline  the  fundamental  vibration 
mode  shape  was  apparent  ("a"  in  Fig.  B-19).  When  the  BPR  vehicle  runs  were 
made  on  a  normal  traffic  path,  a  similar  mode  shape  was  observed  except 
that  opposite  sides  of  the  roadway  were  out  of  phase  ("b"  in  Fig.  B-19). 

Vibrations  induced  by  the  passage  of  the  HET-70  test  vehicle  were 
less  pronounced  and  were  also  in  the  3.0  to  3.6  cps  range.   Speed  had 
little  effect  on  the  development  of  free  vibration  response.   Beat 
frequencies  were  also  observed  on  some  runs. 

For  one  brief  period  one  higher  harmonic  was  excited  by  the  BPR 

vehicle  at  about  6.0  cps  ("c"  in  Fig.  B-19).  Vibration  frequencies  from 

2.4  to  5.0  cps  were  observed  under  the  passage  of  the  tank  in  addition 

to  the  very  high  forced  frequencies  previously  described.  The  free 
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vibration  double  amplitude  magnitudes  were  of  the  order  of  0.15  inch. 
The  observed  logarithmic  decrement  of  vibration  was  0.05,  evidence 
of  a  lightly  damped  structure. 

A  composite  El  was  calculated  from  the  observed  fundamental 
natural  frequency  and  this  El  value  was  used  to  calculate  theoretical 
live  load  deflections  for  comparison  with  measured  values.  The  measured 
deflections  were  somewhat  lower  than  the  values  calculated  in  this  manner. 

b)   Prestressed  Concrete  Bridge 

Vibration  responses  of  this  bridge  were  taken  from  the  strain  and 
deflection  dynamic  variations.   The  free  vibration  natural  frequency 
was  measured  at  6.9  cps.  The  magnitude  of  vibration  amplitude  was  so 
low  for  all  test  vehicles  that  the  determination  of  a  viscous  damping 
coefficient  was  impossible.   During  the  crawl  run  passage  by  the  BPR 
test  vehicle,  typical  2.7  cps  forced  vibration  responses  of  considerable 
magnitude  were  observed  in  the  bridge.  These  are  attributed  to  the 
natural  frequency  vibrations  of  the  vehicle  suspension  system  induced 
by  engine  vibrations.  The  vibration  responses  to  the  tank  passage 
are  a  combination  of  the  bridge  natural  frequency  and  the  forced  frequencies 
described  above.   The  responses  to  the  HET-70  passage  were  the  bridge 
fundamental  frequency  and  a  low-amplitude  forced  frequency  of  about  1  cps 
at  crawl  speed.  The  value  of  EI  calculated  from  the  natural  frequency 
was  used  in  the  calculation  of  theoretical  deflections.   Contrasted 
to  the  findings  for  the  steel  bridge,  the  average  measured  live  load 
deflections  were  somewhat  higher  than  the  predicted  values  with  the 
interior  girders  deflecting  much  more  in  relation  to  the  exterior  girders 
than  the  theoretical  proportions  of  the  resisting  moments  would  indicate. 
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c)    Reinforced  Concrete  T-Beam  Bridge 

Vibration  responses  on  this  bridge  were  also  obtained  from  strain 
and  deflection  variations.   The  free  vibration  natural  frequency  was 
measured  at  8.5  cps  for  loadings  by  all  test  vehicles.  Due  to  the  very 
low  vibration  amplitudes  under  the  rubber-tired  vehicles  no  damping 
analysis  was  possible.   The  bridge  vibration  responses  to  the  HET-70 
vehicle  passage  were  essentially  no  different  than  for  the  passage 
of  the  BPR  test  vehicle.   The  value  of  EI  calculated  from  the  observed 
natural  frequency  of  8.5  cps  was  used  in  turn  to  calculate  the  theoretical 
live  load  deflections  of  the  structure  for  loading  with  the  tank.  A 
good  correlation  was  obtained  with  the  measured  deflections  reported  previously. 

5.     APPLICATIONS 

The  findings  from  the  field  research  are  being  utilized  to  develop 
procedures  for  predicting  the  capability  of  any  bridge  to  carry  the 
HET-70  loading.  Two  approaches  are  being  prepared  as  follows: 

a)   Bridge  Loading  Nomograph 

A  type  of  nomograph  which  may  be  used  for  evaluating  the  capacity 
of  simple  span  bridges  of  various  lengths  to  tolerate  passage  of  a 
heavy  loading  without  distress  is  illustrated  in  Figs.  B-20  and  B-21.   The 
nomograph  shown  was  conceived  and  prepared  by  the  Bridge  Division  of  the 
Bureau  of  Public  Roads  Office  of  Engineering  and  Operations.   This 
nomograph  is  based  on  the  experimental  findings  presented  in  the  first 
two  reports  of  this  series  covering  field  studies  of  the  three  bridges* 
The  user  of  the  nomograph  must  select  a  maximum  permissible  stress  level 
which  in  turn  will  equate  to  a  live  load  moment  capacity  to  be  introduced 
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into  the  nomograph.   A  maximum  permissible  stress  level  of  75  percent 
of  the  yield  point  of  the  structural  material  has  been  suggested.   The 
limitations  of  the  sample  nomograph  are  indicated.   Similar  nomographs 
can  be  developed  to  suit  the  various  requirements  of  different  users, 
b)   Computer-Programmed  Analysis  of  Bridge  Loading 
A  computer-programmed  analytical  technique  for  evaluating  the 
behavior  of  any  bridge  under  any  imposed  static  live  loading  is  now 
being  perfected.   In  this  program  the  deck  slab  and  girder  components  of 
a  bridge  are  modeled  as  members  of  a  rectangular  grid  system.  Values 
for  torsional  and  flexural  inertia  and  shear  area  are  assigned  to  each 
member  of  the  model  in  accordance  with  the  requirement  that  the  structural 
response  of  the  model  must  simulate  exactly  the  response  of  the  prototype 
bridge.   Material  properties  must  likewise  be  evaluated  correctly  in 
the  model. 

A  stiffness  matrix  method  is  used  to  analyze  the  grid.   Since  the 
program  requires  that  all  load  forces  be  applied  at  the  joints  of  the 
grid,  distributions  of  the  wheel  loads  of  an  assumed  vehicle  loading 
which  fall  between  the  joints  of  the  grid  must  be  distributed  to  the 
adjacent  joints  before  initiating  the  program.  The  analysis  provides  joint 
displacements  and  element  end  forces  (flexure,  torsion  and  shear)  for 
evaluating  the  maximum  loading  effects.  This  routine  is  presently 
programmed  for  the  CDC  6600  computer.. 

6.    EPILOGUE 

This  study  was  undertaken  to  establish  a  procedure  for  evaluating 
the  load-carry  capabilities  of  typical  highway  bridges  under  various 
heavy  vehicle  loadings.   Other  related  findings  resulting  from  the 

research  have  also  been  presented  throughout  the  three  preliminary  reports. 
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While  only  the  live  load  bending  moments  and  deflections  have  been 
treated  in  this  study,  other  aspects  of  loading  are  generally  more 
amenable  to  precise  calculation  and  less  susceptible  to  experimental 
measurement.   The  maximum  shear  concentrations  for  any  vehicle  loading 
are  readily  calculated  for  evaluations  of  shear  stresses  whereas  the 
experimental  measurement  of  shear  and  bond  stresses  is  not  so  easily 
accomplished.   However,  additional  findings  will  be  available  from 
observations  of  the  bridge  response  to  the  application  of  ultimate  loadings 
to  be  made  in  a  subsequent  study  of  these  specimen  bridges  and  will 
provide  additional  insight  into  the  various  failure  modes. 

This  final  progress  report  will  be  followed  by  a  summary  final 
report  of  the  material  contained  in  the  three  preliminary  reports  and 
will  also  include  the  details  of  the  computer  program  for  analyzing 
bridge  behavior  under  applied  static  live  loading.   The  readers  should 
also  look  forward  to  the  reports  on  the  subsequent  study,  described 
above,  for  additional  information  on  the  ultimate  static  live  load 
capacity  of  these  bridges.   The  subsequent  study  is  expected  to 
provide  information  on  such  matters  as  load  distribution  to  various 
members  in  the  structural  material  yield  range,  the  effect  of  plastic 
yielding  on  the  load  capacity  and  finally  the  ultimate  capacity  of  the 
structures  in  different  modes  of  failure. 
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TABLE  2       MAXIMUM  MEASURED  LIVE-LOAD  DEFLECTIONS,  FOUR-SPAN 
CONTINUOUS  STEEL  BRIDGE 

LOADINGS 

SPAN  DEFLECTIONS  (INCHES) 

j 

Vehicle /Location 

Speed 

Midspan 
90-foot  span 

0.4  point 
70-foot  span 

Exterior   Interior 
Girder     Girder 

Exterior   Interior 
Girder     Girder 

■' 

One  BPR  each  lane 
HET-70  on  centerline 
HET-70  on  centerline 
HET-70  normal  lane 
Tank  on  centerline 
Tank  normal  lane 

crawl 

crawl 

Max. 

crawl 

crawl 

crawl 

0.50      0.55 
0.54      0.71 
0.66      0.82 
1.09      0.81 
0.35      0.49 
0.71      0.53 

0.30      0.41 
0.28      0.51 
0.35      0.62 
0.59      0.55 
0.19      0.38 
0.41      0.42 

| 

1/800  span  length 

1.35      1.35 

1.05      1.05 

- 
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TABLE  3      MAXIMUM  MEASURED  LIVE  LOAD  DEFLECTIONS,  REINFORCED 
CONCRETE  AND  PRESTRESSED  CONCRETE  BRIDGE 


REINFORCED  CONCRETE  T-BEAM  BRIDGE 

Loadings 

Beam  Deflections 
(inches) 

Exterior 

Interior 

One  BPR  each  lane 
HET-70  on  center line 
HET-70,  normal  lane 
Tank  on  center line 
Tank,  normal  lane 

0.07 
0.07 
0.10 
0.06 
0.10 

0.10 
0.12 
0.11 
0.11 
0.10 

PRESTRESSED  CONCRETE  GIRDER  BRIDGE 

Loadings 

Girder  Deflections 
(inches) 

Exterior 

Interior 

One  BPR  each  lane 
HET-70  on  centerline 
HET-70,  normal  lane 
Tank  on  centerline 
Tank,  normal  lane 

0.11 
0.13 
0.33 
0.14 
0.18 

0.15 
0.28 
0.30 
0.24 
0.16 
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TABLE  4      GIRDER  RESPONSE  DISTRIBUTION  FACTORS,  FOUR-SPAN 
CONTINUOUS  STEEL  BRIDGE 


0.4  point 

Midspan 

Loadings 

End  Span 

Second  Span 

Deflection    Stress 

Deflection    Stress 

BPR 

2.08        1.93 

1.43       1.70 

Tank 

2.01        1.85 

1.38       1.66 

HET-70 

1.83        1.77 

1.32        1.52 

_  ,  ,    ,  ,       ,    maximum  interior  girder  response  r        ,. 

Tabulated  factors  show — .   n.  , c for  centerline  runs 

maximum  exterior  girder  response 

of  individual  vehicles  at  crawl  speeds. 
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Crav;l  Speed  Runs 

Theoretical  maximum  moment  sections  for  vehicle 
movement  from  left  to  right  on  simple  span  beams 
as  follows: 

Tank  =  M  (beam  midspan) 

BPR  =  X 
HET-70  =  0 

FIG.  B-14  -  ELEVATIONS  OF  T-BEAM  STEMS  SHOWING  MAXIMUM  LIVE 

LOAD  STRESSES  AT  GAGE  POINTS  AND  BOTTOM  REINFORCING 
BARS. 
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Average  Values  For  Crawl   Speed  Runs 
Path  2  Crossings 

Theoretical  maximum  moment   sections   for  vehicle  movement   from  left  to  right  on 
simple  span  beams  as  follows: 
Tank  =  M   (beam  midspan) 
BPR  =  X 
HOT -70  =  0 

FIG.    B-15  -  ELEVATIONS  OF  PRESTRESSED  GIRDERS    SHOWING  MAXIMUM 

LIVE  LOAD  STRAINS  AT  GAGE  POINTS  ON  BOTTOM  SURFACES 
FOR  PATH  2   CROSSINGS. 
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Average  Values  For  Cravl  Speed  Runs 
Path  3  Crossings 

Theoretical  maximum  moment  sections   for  vehicle  movement   from  left  to  right  on 
simple  span  beams  as  follows: 
TA.'K  -  M   (beam  midspan) 
BPK     -  X 
KBT-70  -  0 

FIG.   B-16  -  ELEVATIONS  OF  PRESTRESSED  GIRDERS   SHOWING  MAXIMUM 

LIVE  LOAD  STRAINS  AT   GAGE  POINTS  ON  BOTTOM  SURFACES 
PATH  3  CROSSINGS. 
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Average  Values  For  Crawl  Speed  Runs 
Path  1+  Crossings 

Theoretical  maximum  moment  sections  for  vehicle  movement  from  left  to  right  on 
simple  span  beams  as  follows: 

TANK  =  M  (beam  midspan^ 

BPR  =  X 
HKT-70  =  0 

FIG.  B-17  -  ELEVATIONS  OF  PRESTRESSED  GIRDERS  SHOWING  MAXIMUM 

LIVE  LOAD  STRAINS  AT  GAGE  POINTS  ON  BOTTOM  SURFACES 
PATH  4  CROSSINGS. 
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15  mph  -   45   cps   forced  frequency  and  6.9   cps   fundamental  bridge 

frequency  responses   superimposed  on   static  live  load  response. 


Crawl  -  Large  amplitude  6.9  cps   frequency  responses   superimposed 
on  static  live  load  response. 


FIG.    B-18  -  TYPICAL  VIBRATION  RESPONSES  AT  MID-SPAN   OF  THE 
BRIDGE   SUPERSTRUCTURE,   PRESTRESSED  CONCRETE 
GIRDER  BRIDGE    UNDER    PASSAGE  OF  THE  TRACK  LAYING 
TANK. 
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FIG.  B-19  -  OBSERVED  NATURAL  FREQUENCIES  IN  MODE  SHAPES  OF 
BRIDGE  SUPERSTRUCTURE  VERTICAL  VIBRATIONS, 
FOUR  SPAN  CONTINUOUS  STEEL  GIRDER  BRIDGE. 
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Details  of  Computer  Input  Data  and  Load  Conditions 


APPENDIX  C 
Details  of  Computer  Input  Data  and  Load  Conditions 


1 .    General 


To  move  the  HET-70  live  load  along  the  bridge  without  having 
to  reconstruct  a  new  set  of  coordinates  for  each  load  condition, 
a  five  foot  interval  of  spacing  was  used  between  nodes  along 
bridges  1  and  4,  and  as  close  to  a  five  foot  interval  of  spacing 
as  possible  along  skew  bridges  2  and  3.   The  interval  of  spacing 
in  bridges  2  and  3  was  adjusted  to  accommodate  the  location  of  the 
intermediate  diaphragms.   The  format  for  data  input  follows  exactly 
the  same  procedures  as  described  in  Volume  I.  Multiple  load  con'- 
ditions  were  used  for  each  run  to  save  computer  time  since  only 
the  applied  load  side  of  the  equilibrium  equations  needs  to  be 
reset  for  each  load  condition. 


2.    Bridge  #1 

Figure  C-l  shows  the  coordinate  location  of  nodes  used  for 
bridge  #1  for  the  HET-70  loading.   Because  of  the  symmetry  of 
the  bridge,  and  the  fact  that  the  HET-70  loading  would  be  located 
along  the  centerline  of  the  bridge,  the  input  data  was  materially 
reduced  by  treating  the  bridge  as  one-half  of  a  bridge  with  pre- 
scribed boundary  conditions  along  the  longitudinal  centerline. 
For  example,  at  node  6  the  slope  of  both  the  deck  and  the 
diaphragm  must  equal  zero  for  symmetry  of  loading  and  symmetry  of 
bridge.   This  is  accomplished  by  putting  a  number  1  in  column  25 
of  the  input  data  card  prescribing  the  boundary  conditions  for 
these  nodes.   Also  note  that  there  is  no  physical  length  between 
node  7  and  node  6;  hence,  these  nodes  are  treated  as  ends  of 
cantilevers  that  cannot  rotate  but  can  move  vertically.   Figure 
C-2  shows  the  cross  section  of  the  half  section  of  the  bridge. 
Figure  C-3  shows  a  portion  of  the  input  data  that  will  explain 
the  format  for  the  boundary  condition  code.   Figure  C-4  shows 
the  beam  numbering  and  diaphragm  numbering  for  bridge  #1. 
Notice  that  the  diaphragms  do  not  exist  at  every  5'  intervals, 
whereas  the  double  node  numbering  has  been  continued  along  the 
5'  intervals.   This  is  so  that  an  automatic  grid  system  can  be 
set  up  for  the  length  of  the  bridge  at  the  beginning  of  a  program 
and  the  diaphragm  locations  changed  by  merely  connecting  the 
correct  nodes.   The  nodes  that  are  unconnected,  like  for  example 
nodes  14  and  21,  will  not  effect  the  computer  program  at  all; 
except  that  in  order  to  reduce  the  number  of  equations  to  be 
solved  and  hence  the  CPU  time  involved,  all  six  boundary  con- 
dition codes  were  fixed  with  a  number  1  for  these  nodes.   This 
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eliminates  these  nodes  from  the  program  as  long  as  they  are 
unconnected  to  any  portion  of  the  bridge,  and  no  physical 
significance  is  thus  attached  to  them.   Figure  C-5  shows  the 
plate  shell  numbering  for  the  slab  of  bridge  #1. 

The  following  5  figures,  Figure  C-6  through  Figure  C-10, 
depict  the  loading  conditions  for  the  input  data  for  the  HET-70. 
Figure  C-6  identifies  the  location  of  the  HET-70  near  the  center 
of  the  interior  90'  span  from  which  the  data  of  Table  1  was 
calculated.   The  HET-70  is  traveling  from  left  to  right  on  the 
bridge. 

Bridge  #1  has  an  8.33'  c.c.  distance  between  longitudinal 
girders.   Since  the  transverse  distance  between  the  wheels  of 
the  transporter  is  8.5',  it  was  reasonable  to  assume  that  the 
wheels  would  practically  ride  on  the  interior  girders.   There- 
fore, no  moment  distribution  was  necessary  to  distribute  the 
wheel  loads  transversely  to  the  girders.   Figure  C-6  shows  the 
actual  location  of  the  wheel  points  and  loads  on  the  girder. 
For  the  input  data  the  wheel  loads  are  distributed  as  simple 
beam  reactions  to  the  nearest  node  points  at  the  51  intervals 
along  the  girder.   Figure  C-ll  shows  the  load  data  input  for 
bridge  #1  for  all  loading  conditions.  Notice  when  inputting  load 
data  that  the  node  points  must  be  in  node  sequence.     The  load  con- 
dition number  is  the  second  sequence  to  be  considered  when 
multiple  loads  exist  at  the  same  node  for  different  load  condi- 
tions.     The  remaining  HET-70  load  conditions  are  identified  in 
Figures  C-7  through  C-10,  with  the  direction  of  travel  indicated 
by  the  schematic  of  the  HET-70  transporter  on  the  diagrams. 
Figure  C-12  is  the  same  static  load  condition  used  for  Volume  I. 
It  was  merely  included  to  observe  what  the  difference  might  be 
in  results  by  inputting  the  concentrated  loads  to  their  nearest 
5'  interval  node  points.   Figure  C-8  or  C-10  is  expected  to 
give  the  load  condition  transferring  the  maximum  shear  to  the 
interior  girders  in  the  90'  spans. 


Bridge  #2 

Bridge  #2  has  an  8.6'  c.c.  distance  between  girders.   This 
is  also  close  enough  to  8.5'  so  that  no  transverse  distribution 
need  be  done  to  distribute  a  part  of  the  wheel  loads  to  the  out- 
side girders.   For  the  sake  of  locating  node  points  along  the 
girders,  coordinates  are  printed  in  the  background  to  Figures  C-16 
through  C-19.   The  only  new  consideration  here  is  that  it  is 
possible  to  use  a  simple  beam  criteria  for  placing  the  wheel  loads 
on  one  of  the  interior  girders  to  produce  the  absolute  maximum 
moment  in  that  girder.   The  criteria  is  that  "the  centerline  of 
the  girder  shall  split  the  distance  between  the  center  of  gravity 
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of  the  wheel  loads  actually  on  the  girder  and  the  wheel  load 
in  question  that  will  likely  be  at  the  maximum  moment  position." 
For  the  load  conditions  shown  for  bridge  #2  for  the  HET-70 
loading  the  transporter  is  moving  from  right  to  left  for  some 
runs  and  left  to  right  for  others. 


4.   Bridge  #3 


Figures  C-20  through  C-26  are  self-explanatory  and  follow 
the  identical  format  for  bridge  #2. 


Bridge  #4 

The  format  for  bridge  #4  is  identical  to  the  format  of 
bridge  #1.   Because  of  dissymmetry  of  static  loading  it  is  not 
possible  to  use  only  half  of  this  bridge  to  reduce  the  nodal 
point  data  input  and  CPU  time  for  the  static  loading.   Fortunately 
the  static  loading  is  already  contained  in  Volume  I;  therefore, 
for  convenience  the  bridge  was  reduced  to  a  half  bridge  for 
inputting  the  effect  of  the  HET-70  loading.   There  is  no  experi- 
mental data  with  which  to  correlate  the  results  on  this  bridge. 
The  information  is  merely  to  complete  the  report  with  respect  to 
all  four  bridges.   Figures  C-27  through  C-33  are  self-explanatory. 
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**8»I0CE  NO.  1  WITH  MILITARY  LOADING  HET-70 

NUMBER  OF  NOOAL  POINTS  *  455 
NUMBER  OF  ELEMENT  TYPES  *  2 
NUMBER  OF  LOAO  CASES      *     6 


NOOAL  POINT  INPUT  DATA 


NODE 

BOUNOARY 

CONDITION 

CODES 

NODAL 

POINT  COORDINATES 

NUMBER 

X 

Y 

I 

XX 

YY 

11 

X 

Y 

Z 

T 

1 

0 

0 

0 

0 

0 

0.0 

34.500 

1.874 

0 

0.0 

2 

0 

I 

1 

I 

0 

0.0 

29.749 

1.874 

0 

0.0 

3 

2 

2 

2 

2 

2 

0.0 

2r>.7«9 

0.0 

0 

0.0 

4 

0 

1 

1 

1 

0 

0.0 

21.416 

1.874 

0 

0.0 

5 

4 

4 

4 

4 

4 

0.0 

21.416 

0.0 

0 

0.0 

6 

0 

0 

0 

1 

0 

0.0 

17.250 

1.874 

0 

0.0 

7 

0 

0 

0 

1 

0 

0.0 

17.250 

0.0 

0 

0.0 

8 

0 

0 

0 

0 

0 

5.000 

34.500 

1.874 

0 

0.0 

9 

0 

0 

0 

0 

0 

5.000 

29.749 

1.874 

0 

0.0 

10 

9 

9 

9 

9 

9 

5.000 

29.749 

0.0 

0 

0.0 

11 

0 

0 

0 

0 

0 

5.000 

21.416 

1.874 

0 

0.0 

12 

11 

11 

11 

11 

11 

11 

5.000 

21.416 

0.0 

0 

0.0 

13 

c 

0 

0 

1 

0 

5.00C 

17.250 

1.874 

0 

0.0 

14 

1 

1 

1 

1 

1 

5.00C 

17.250 

0.0 

0 

0.0 

15 

0 

0 

0 

0 

0 

10.000 

34.500 

1.874 

0 

0.0 

16 

0 

0 

0 

0 

0 

10.000 

29.749 

1.874 

0 

0.0 

17 

16 

16 

16 

16 

16 

16 

10.000 

29.749 

0.0 

0 

0.0 

18 

0 

0 

0 

0 

0 

10.000 

21.416 

1.874 

0 

•J.O 

19 

18 

18 

18 

18 

18 

If 

1C.000 

21.416 

0.0 

0 

0.0 

20 

0 

0 

0 

1 

0 

10.000 

17.250 

1.874 

0 

0.0 

21 

1 

1 

1 

1 

I 

10.000 

17.250 

0.0 

0 

0.0 

22 

0 

0 

0 

0 

0 

15.000 

3i.500 

1.874 

0 

0.0 

23 

0 

0 

0 

0 

0 

15.00C 

20.749 

1.874 

0 

0.0 

24 

23 

23 

23 

23 

23 

23 

15.000 

29.749 

0.0 

0 

0.0 

25 

0 

0 

0 

0 

0 

15.000 

21.416 

1.874 

0 

0.0 

26 

25 

25 

25 

25 

25 

25 

15.000 

21.416 

0.0 

0 

0.0 

27 

0 

"0 

0 

1 

0 

15.000 

17.250 

1.874 

0 

0.0 

28 

1 

1 

1 

1 

1 

15.000 

17.250 

0.0 

0 

o.c 

29 

0 

0 

0 

0 

0 

20.000 

34.500 

1.874 

0 

0.0 

30 

0 

0 

0 

0 

0 

20.000 

29.749 

1.874 

0 

0.0 

31 

30 

30 

30 

30 

30 

3C 

20.000 

29.749 

0.0 

0 

0.0 

32 

0 

0 

0 

0 

0 

20.000 

21.416 

1.874 

0 

0.0 

33 

32 

32 

32 

32 

32 

32 

20.000 

21.416 

0.0 

0 

0.0 

34 

0 

0 

0 

1 

0 

20.000 

17.250 

1.874 

0 

0.0 

35 

1 

1 

i 

1 

1 

20.000 

17.250 

0.0 

0 

0.0 

36 

0 

0 

0 

0 

0 

25.C0C 

34.500 

1.874 

0 

0.0 

37 

0 

0 

0 

0 

0 

25.000 

2". 749 

1.874 

0 

0.0 

38 

37 

37 

37 

37 

37 

31 

25.000 

29.749 

0.0 

0 

0.0 

39 

0 

0 

0 

0 

0 

25.000 

21.416 

1.874 

0 

0.0 

40 

39 

39 

39 

39 

39 

3C 

I        25.000 

21.416 

0.0 

0 

0.0 

41 

0 

0 

0 

1 

0 

25.000 

17.250 

1.874 

0 

0.0 

42 

0 

0 

0 

1 

0 

25.000 

17.250 

0.0 

0 

0.0 

43 

0 

0 

0 

0 

0 

30.000 

34.500 

1.874 

0 

0.0 

44 

0 

0 

0 

0 

0 

30.000 

29.749 

1.874 

0 

0.0 

45 

44 

44 

44 

44 

44 

44 

30.000 

29.749 

0.0 

0 

0.0 

46 

0 

0 

0 

0 

0 

30.000 

21.416 

1.874 

0 

0.0 

47 

46 

46 

46 

46 

46 

4* 

30.000 

21.416 

0.0 

0 

0.0 

48 

0 

0 

0 

1 

0 

30.000 

17.250 

1.874 

0 

0.0 

49 

1 

1 

1 

1 

1 

30.000 

17.250 

0.0 

0 

0.0 

50 

0 

0 

0 

0 

0 

35.000 

34.500 

1.874 

0 

0.0 

51 

0 

c 

0 

0 

0 

35.000 

29.749 

1.874 

0 

0.0 

FIG  C-3  -  SAMPLE  NODAL  INPUT  DATA  FOR  BRIDGE  #  1,  ILLUSTRATING 
BOUNDARY  CONDITION  CODES  FOR  1/2  SECTION  OF  BRIDGE. 
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0.0  0.0 

0.0  0.0 

0.0  0.0 
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APPENDIX  E 

Calculations  Regarding  Computer  Predictions  and 
AASHO  Specifications 

1.   AASHO  Specifications  for  Bridge  //l 

Bridge  #1  was  designed  under  1961  AASHO  specifications,  with 
the  exception  that  A-36  steel  was  used  for  the  stringers.   The 
concrete  deck  was  not  poured  until  all  of  the  structural  steel  was 
erected  and  all  the  bolting  was  completed  (7).   In  this  discussion 
both  the  1961  and  1973  (latest  available  AASHO  specifications)  are 
considered.   The  following  criteria  are  applicable: 

Applicable  1961  and  1973  Specifications   (8) (9) 

The  dead  load  flexural  stress  shall  be  based  on  non- 
composite  beam  action  for  unshored  bridges;  while  the  added  live 
plus  impact  flexural  stress  shall  be  based  on  composite  beam 
action.   If  concrete  is  on  the  tension  side,  it  is  to  be  disregarded 
in  computing  the  moment  of  inertia  of  composite  beams. 

The  ratio  of  concrete  modulus  of  elasticity  to  steel  is 
taken  as: 

when   f '  «  3000  -  3900  psi     n  ■  10 
c 

f '  ■  5000  or  more  psi    n  »  6. 

Composite  beams  and  slabs  are  to  be  designed  by  the  composite 
moment  of  inertia  method  considering  the  elastic  working  stresses. 

The  effective  flange  width  of  the  slab  as  a  T-beam  flange  is 
limited  to: 

1.  One-fourth  the  girder  span. 

2.  The  center- to-center  distance  between  girders. 

3.  Twelve  times  the  least  slab  thickness. 

Extreme  flexural  compressive  stress  of  the  concrete  slab  is 

limited  to  f  -  0.4  f.  Class  A  concrete  is  defined  as  f  -  3000 

c       c  c 

psi  minimum. 

Applicable  1961  Specifications  (8) 

The  horizontal  shear  to  be  transferred  by  the  shear  connectors 
is  computed  by  a  formula: 

in  which 


*  See  Table  E-l,  page  E-3,  for  allowable  transverse  slab  stresses. 
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S  "   the  horizontal  shear  per  linear  inch  of  the 
interface  between  the  slab  and  girder. 

V  ■  the  total  external  shear  due  to  live  plus 
impact  loading. 

m  ■  the  statical  moment  of  the  transformed  concrete 
area  about  the  composite  section  neutral  axis. 

I  ■  the  moment  of  inertia  of  the  transformed  com- 
posite beam. 

The  working  load  for  each  welded  stud  for  ratios  of  height/ 
diameter  equal  or  greater  than  4.2  is  given  as: 

Q  -  330  d2/T~ 
c 

where  d  is  the  stud  diameter  and  f  is  defined  as  above. 

c 

Applicable  1973  Specifications  (9) 

For  A-36  steel,  the  allowable  flexural  compression  stress  is 
limited  to  20,000  psi  when  the  compression  flange  is  embedded  in 
the  concrete  deck.   Such  is  the  case  in  Bridge  #1. 

The  allowable  tension  flexural  stress  also  is  20,000  psi. 

Shear  in  girder  webs,  based  on  the  gross-section  of  the  web, 
is  limited  to  12,000  psi.  The  girder  web  is  to  carry  the  total 
external  shear. 

The  horizontal  shear  to  be  transferred  by  shear  connectors  is 
computed  by  the  same  formula  as  given  in  the  1961  specifications; 
however,  the  capacity  of  each  welded  stud  is  based  on  an  ultimate 
strength  formula: 


S  -  930  d2/!*" 
u  c 

where  d  and  f  are  defined  as  above.  Under  these  conditions  a 
load  factor  is  applied  to  the  calculation  of  the  total  external 
shear,  V,  and  can  be  calculated  by  the  formula: 

V  -  2.17(L  +  I) 

where  (L  +  I)  is  the  live  load  plus  impact  total  external  shear 
load. 

2.   Stress  Calculations  for  Bridge  #1 

As  an  example  consider  the  allowable  bending  moments  and 
stresses  listed  on  page  B-12  of  Preliminary  Report  No.  1.  The 
dead  load  moment  is  listed  as  1710  ft-kips  for  the  entire  bridge 
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TABLE  5 


SUMMARY  OF  ALLOWABLE  TRANSVERSE  SLAB  STRESSES  UNDER 
VARIOUS  AASHO  SPECIFICATIONS 


Stress  Type 

1935 

1950 

1961 

1973 

Compression  flexural  concrete 
stress,  f  ,  for  Class  A 
concrete. 

900 

1,000 

1,200 

1,200 

Tension  flexural  stress  in 

the  reinforcing  steel,  f  . 

s 

f   -  40,000  psi. 

yp 

16,000 

20,000 

20,000 

20,000 

Shear  stress,  v,  without  web 
reinforcement,  but  longitudinal 
bars  are  hooked  or  anchored. 

90 

90 

90 

90 

Bond  stress,  u,  longitudinal 
bars  anchored. 

D  ■  bar  diameter 

120 

.075  f 
c 

225  psi 
max 

.10  f 

c 

350  psi 
max 

4.8/f1- 
c 

D 
500  psi 
max 

All  values  are  in  psi  units 
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cross-section.   Using  a  flexure  formula  and  a  moment  of  inertia 
of  10,500  in4  for  each  W  36  x  170  stringer  (at  the  middle  of  the 
90'  span)  the  maximum  fiber  stress  is  calculated  as: 

Mc  =   1710(12000X36.16)   = 

I      10500(2) (4)        °0JJ  pS 

which  is  close  to  the  8900  psi  listed  on  page  B-12.  Note  that 
this  calculation  is  based  on  non-composite  action,  and  on  the 
assumption  that  each  stringer  receives  the  same  proportion  of   . 
the  total  moment  at  the  cross-section  in  question  of  the  bridge. 

As  a  further  example  these  calculations  are  repeated  for  a 
design  live  plus  impact  moment  acting  on  a  composite  concrete 
slab-steel  stringer  beam.   For  calculations  as  to  the  neutral 
axis  location  and  moment  of  inertia  see  Figure  E-l.   By  use  of  the 
flexure  formula  we  obtain: 


Mc  m   2940(12000) (30.23)  m 

I       24395(4)         1UyZy  pS1 


24395(4) 

which  is  in  good  agreement  with  the  11,200  psi  listed  on  page 
B-12. 

For  the  HET-70  maximum-positive  moment  of  530.19  ft-kips 
(see  page  16)  for  the  interior  stringer  at  a  point  4.8'  from  the 
center  of  the  90'  span,  we  obtain  for  the  bottom  steel  fiber  a 
stress  of: 

f  m  £c  m   530.19(12000) (30.23)  „  ?88A  ps±  (L<L>  +  Impact) 

J  ^  8900     (D.L.  see  p.  B-12) 

Total  Stress  16784  psi 

Total  Allowable  20000  psi 

The  corresponding  compression  stress  in  the  concrete  deck 
becomes: 

f  .  U£  -  530.19(12000) (13.83)  m 

1   I        10(24395)  PS 

Allowable  -  ,4f  -  .4(3000)   -  1200  psi 
_  c 

Figure  E-2  shows  the  calculations  for  maximum  negative 
moments  at  the  first  interior  support  and  center  of  Bridge  #1. 
A  maximum  negative  moment  of  549.81  ft-kips  occurs  at  the 
interior  stringer  at  the  first  interior  support.   Substitution 
in  the  flexure  formula  on  the  basis  of  non-composite  action 
yields: 


Such  is  not  the  case  as  the  computer  analysis  shows;  however,  further 
refinement,  requiring  a  dead  load  input  to  the  computer  program,  has 
not  been  done  at  this  time.  Note  that  the  HET-70  maximum  flexural 
stresses  are  considerably  lower  than  the  designed  values  for  the  bridge, 

E-4 


Composite  Beam  at  £  of  90'  Span  -  Bridge  ill 

Concrete  deck  width:   1.  ^2.  »  9°(12)  -  270" 

4       4 


84' 


.9" 


I 


i 


17" 


2.  c.c.  dist.  -  8'-4"  -  100" 

3.  12  x  Slab  thickness  « 

12  x  7  »  84"   -*-  controls 


W  36  x  170  36#16.. 


t  =  .68" 
w 


For  Class  A  concrete  f ' 

c 


n 


3000  psi 
10 


Idealization  as  transformed  steel: 


84 
10 


8.4" 


8, 


"1 

13.83" 


i — i 


t 


30.23" 


36.16" 


L-±—L 


A  -  8.4(7)  «  58.8  in 
c 

Location  of  Neutral  Axis: 

Summing  moments  about  bottom  fiber 

58.8(36.16  +  .9  +  3.5)  -  2384.93 

50(18.08)  -  904 

108.8 


A   -50  in 

8  t 

I   -  10,500  in 
so 


3288.93 
30.23" 


Calculation  of  moment  of  Inertia: 
Stringer   I 


10,500  in 


Deck 


Ad  -  50(30.23  -  18.08) 

I  -  8.4(7)3/12 
o 

Ad2  -  58.8(13.83  -  3.5)2 


Non-composite  Beam  at  Interior  Supports 
•1  x  10.5  - 


7,381 
240 

6,274  l 
24,395  in 


Stringer  W  36  x  120  -  10,500  in 
.  Cover  plates  «  Ad  ■ 

Total  at  Center  -  17,750  in 
center  support 

W  36  x  160  -  First  , 

Interior  support    Stringer  W  36  x  160  -  9,760  in 

1  x  10.5  -  cover    Covers  2(10.5)     2 


plate 


(18.08  +  .5)' 


7,187 


Total  at  1st  Int.  Support  16,947  in 


FIG.  E-l  -  CALCULATIONS  FOR  STRINGER  MOMENTS  OF  INERTIA  FOR  BRIDGE  #1, 
ACCORDING  TO  AASHO  SPECIFICATIONS. 
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12.310(4.17) 
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189.7 
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1.87 
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4.61 

47.75 
51.33 
99.08 


Center  Support 

.1534(4.75)      = 
.2952(4.17)      = 


1.853(4.75) 
7.586(4.17) 


.73 
1.23 
1.96 


8.80 
31.63 
40.43 


P 

M 
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207.44 
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>k 


.2952(4.17) 
.5036(4.17) 


7.586(4.17) 
11.150(4.17) 


1.23 
2.10 
3.33 


31.63 
46.50 
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€ 
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P 

M 


80.7 
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€ 


Sh  95,96 
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FIG.  E-2  -  CALCULATION  OF  NEGATIVE  MOMENTS  AT  INTERIOR  SUPPORTS  FOR 
BRIDGE  //l  -  FROM  COMPUTER  DATA,  LOAD  CONDITION  1 
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Mc  m  549.81(12000)  (19.081  _  7A2g  p8±>  ^ich   ls  not  the 
I         16947  critical  live  load  maximum 

fiber  stress. 


The  maximum  shear  stress  in  the  steel  stringer  governed  by 
loading  condition  5  is: 

V      65150  '     9,,,   , 

V  "  F7  "  .68(38.16)  *  2511Psi 
w 

Maximum  Allowable  -  12000  psi. 

We  now  examine  the  horizontal  shear  condition  at  the 
interface  between  deck  and  stringer  for  maximum  shear  force.   The 
shear  force  per  lineal  inch  is: 

S  -  2=  -  651f7<^7-4>  -  2230  Win 

where  M  -  58.8(13.83  -  3.5)  -  607.4  in3  (See  Fig.  E-l) 

According  to  1961  AASHO  specifications  the  allowable  load 
per  shear  connector  would  be: 

Q   -  330  d2/!7-  -  330(.875)2/3000  =  13838# 
uc  c 

Therefore,  the  resisting  shear  strength  for  three  connectors 
spaced  at  9"  c.c.  becomes: 

3(13^38)  -  4613  #/in  >  2230  #/in 

which  is  quite  adequate.  A  recalculation  under  1973  specifications 
shows  the  shear  strength  per  connector  to  be: 


S  -  930  dV  f   -  930(.875)V3000   -  38998 
u  c 

For  three  connectors  spaced  at  9"  c.c.  this  becomes: 

3<38f8>  -  12999  #/in 

Using  the  load  factor  specified,  the  applied  shear  force  per 
linear  inch  of  interface  is: 


2.17(2230)  -  4831#/in  <  12999 

which  also  shows  the  design  to  be  adequate  for  HET-70  loading  under 
the  1973  specifications. 


*  This  includes  the  21,500  rear  wheel  load  on  the  girder  at  the  support 
moved  a  dx  distance  off  of  the  support  for  maximum  shear. 
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Last  the  flexural  transverse  stresses  in  the  concrete 
slab  are  investigated.  Both  the  1961  and  1973  AASHO  specifica- 
tions permit  a  working  stress  method  of  analysis  which  is  used 
here,  although  the  1973  specifications  also  present  an  alternate 
ultimate  strength  method.  (10) 

Transverse  distance  between  girders  ■  8'-4". 

2 
>L    of  unit  slab  approximately=.lw£   (page  2-210  AISC  Manual) 

»  M)y£  (150)(8.33r  -  -  607  ,# 

IL  -  -3.49  'k/ft  in  plate-shell  element  No.  18  for 

load  condition  1,  accompanied  by  an  axial  load  of  .3426  k/ft.   The 

p 
axial  load  is  so  small  (-r  ■  approximately  10)  that  it  can  be  neglected. 

A 

Figure  E-3  shows  the  transverse  cross-section  of  a  unit  width  of  the 

slab.  The  maximum  concrete  stress  becomes: 

f  .  ftc  a   4.097(1.98) (12000)  . 

I       105.949  y  psl 

Allowable  Stress  -  1200  psi 

The  maximum  steel  stress  is: 

Mc  _  4.097(3.02) (12000) (10)  _ 
f   I 105.949  14014  Psi 

Allowable  Stress  -  20000  psi 

The  maximum  shear  could  occur  when  the  one  maximum  wheel  load 
is  adiacent  to  the  girder.  On  the  basis  that  this  wheel  load  of 
26. 5^  (see  page  B-15)  is  supported  by  a  4'  width  of  slab,  the 
maximum  shear  stress  becomes: 

V       26,500        10, 
bjd    4(12) (.875) (5)  "  iZb  PS1' 

Allowable  shear  stress  for  Class  A  concrete  ■  .03f'  ■  .03(3000)  ■ 
90  -psi.  c 

According  to  AASHO  Specifications  (12) (13) ,  however,  if  we  use 
the  test  value  of  f  ■  6870  (14),  the  allowable  stress  becomes 
0.03(6870)  -  206  psL 

Bond  stress  is  calculated  by: 

V       26500 ... 

u   ZQjd  "  4(4.36)(.875)(5)  "  *"   psl 

Allowable  bond  stress  ■  .If  =  300  psi  by  1961  specifications 
or  -  687  psi  by  test  value  of  f  -  6870  psi.  Nevertheless,  the 
specifications  limit  this  to  350  psi  maximum. 
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No.  6  @  6.5"  c.c 
No.  6  @  13"  c.c. 

L 


n  -  10 


Acting  A  -  35.58  in' 


Unit  Section  of  Slab 
12"  


A  -  10(.406)(2) 
5  -  8.12  in2 
-  4.36  in 


Tension 
20000 


n 


2000  psi 


Acting 

Transformed  Section 


1  98 

~~  (2000)  -  1311  psi 

cV,'*   2   Allowable  f*  -  1200  psi 
■  3.654  in  c 

Concrete  Stress  controls 


I  Moments  about  neutral  axis 


-8.12(5  -  x)  +  3.654(x  -  1.5)  + 


12x 


-40.6  +  8.12x  +  3.654x  -  6.09  +  6x' 


6x  +  11.77x  -  46.69 


0 


-11.77  +  / 


-   11.77"  +  4(6) (46.69) 
12 


+1.98" 
-3.94" 


use 


Transformed  I 


8.12(3.02) 


9(.406)(1.98  -  1.5) 


12 


(1.98) 
12 


12(1.98) 


(1.98)2 


-  74.058 

.842 

-  7.762 
»  23.287 


I  -  105.949  in 

FIG.  E-3  -  CALCULATIONS  OF  MOMENT  OF  INERTIA  OF  TRANSFORMED  UNIT  WIDTH 
OF  SLAB  FOR  BRIDGE  #1 
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3.   AASHO  Specifications  for  Bridge  #2 

Bridge  #2  was  designed  under  the  1961  AASHO  specifications. 
This  discussion  considers  the  calculations  of  stresses  for  the 
HET-70  loading  under  the  1961  specifications,  and  also  how  they 
would  be  modified,  if  necessary,  to  meet  the  1973  specifications. 

Applicable  1961  and  1973  Specifications  for  Prestressed  Girders  (15)|(16) 

The  maximum  allowable  concrete  compression  flexural  stress  fc 
is  5000  psi  for  the  girders.   For  the  deck  for  Class  A  concrete, 
this  becomes  f  ■  0.4f'  -  1200  psi  at  the  design  loading. 

The  ultimate  flexural  strength  for  flanged  sections  shall  be 

calculated  as: 

A  f 

M  -  A   f   d(l  -  0.6  ,?L?U)  +  .85f'(b  -  b')  t(d  -  0.5t) 
u    sr  su  b  df  c 

c 

where 

A   "A  -  A  f  ■  steel  area  required  to  develop  the  ultimate 
compressive  strength  of  the  web  of  the  flanged  section. 

A  c   -  .85f'(b  -  b')~-  ,  provided  the  effective  prestress  after 
sf       c        t 

su 

losses  is  not  less  than  0.5  f's. 
f's  ■  ultimate  strength  of  prestressing  steel 

f   »  f's(l  -  0.5^7^) 
su  f 

As 

P   '  bd 

t   »  flange  thickness 
b   =  width  of  flange 
b'   ■  width  of  web 

d   ■  distance  from  maximum  compression  fiber  to  centroid 
of  prestressing  steel. 

The  ultimate  flexural  strength  of  rectangular  sections  in 

which  the  neutral  axis  lies  within  the  flange  is  given  as: 

.6  p  f 

M  -  A  f   d  (1 ,i  SU  ) 

u    s   su  f 

c 

where  M  -  ultimate  moment, 
u 

For  single  beams  carrying  moving  loads  the  maximum  shear  may  be 
computed  within  the  middle  half  of  the  beam.   The  web  reinforcement 
required  at  the  quarter  points  should  be  used  for  the  outer  quarters 
of  the  beam* 
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Applicable  1961  Specifications  (15) 

The  elastic  theory  method  shall  be  used  for  design,  but  the 
members  are  to  be  rechecked  by  ultimate  strength  procedures  for 
compliance  with  specified  load  factors. 

The  design  load  shall  consider  stresses  in  effect  after 
losses  and  under  dead  load. 

The  ultimate  strength  capacity  shall  not  be  less  than: 

1.5D  +  2.5(L  +  I) 

where 

D     ■  dead  load 

L  +  I  °  live  load  plus  impact  load. 

For  the  prestressing  steel  the  stress  at  design  load  (after 

losses)  shall  be  not  greater  than  . 6f's  or  ,8f 

sy 

f   ■  yield  point  stress  of  prestressing  steel  at  1.0% 
extension. 

Loss  of  prestress  due  to  all  causes  for  prestressed  members 
may  be  assumed  as  35000  psi. 

Prestressed  concrete  members  under  design  flexural  loading  may 
be  assumed  to  act  as  uncracked  members  subjected  to  combined  axial 
and  bending  stresses.   The  transformed  area  of  steel  may  be  included 
in  computing  the  moment  of  inertia  for  review  under  full  loading. 

Composite  beams  may  have  their  elements  tied  together  by 
extensions  of  the  web  reinforcement.   The  shear  connection  shall  be 
designed  for  the  ultimate  load  and  may  be  computed  by: 

V  d> 
u 

V"  IP- 
where 

V  «  ultimate  shear  force  due  to  load  and  prestressing. 

<$>     ■  statical  moment  of  flange  about  the  neutral  axis  of 

the  beam. 
I  ■  transformed  moment  of  inertia  of  the  composite  section. 

Shear  capacity  at  the  interface  is  given  as: 

225  psi  -  when  the  area  of  vertical  ties  >^  area  of  two 

No.  3  bars  spaced  at  12  inches,  and  the  inter- 
face surface  of  the  girder  is  artificially 
roughened . 

Any  excess  capacity  shall  be  obtained  by  shear  keys. 
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Prestressed  concrete  members  shall  be  reinforced  for  diagonal 
tension  stresses.   The  area  of  web  reinforcement  is  governed  by 
the  formula: 

(V  -  V  )S 


<   .0025  b'S 


v    2f'jd 
uJ 

where  V  is  the  shear  carried  by  the  concrete,  as  given  by: 

V  -  .075  V   bjd 
c        c  J 

Transverse  bond  stress  in  slab  ■  .If,  with  maximum  350  psi. 

Applicable  1973  Specifications  where  different  from  the 
1961  Specifications  (16) 

Design  is  to  be  based  on  ultimate  strength  at  service 
loading.   The  ultimate  load  capacity  shall  not  be  less  than: 

■^  [D  +  j  (L  +  I)] 

where  4>  ■  1  for  flexure 
-  .9  for  shear 

For  the  prestressing  steel  the  stress  at  service  loading 

(after  losses)  is  limited  to  .8  fsy  or  .  7f. 

s 

Pres tress  losses  are  given  by: 

Af  -  SH  +  ES  +  CR  +  CR 
s  c     s 

where  SH  -  5000  psi  minimum  (Concrete  shrinkage) 

ES  «  4000  psi  minimum  (Elastic  shortening  of  concrete) 
CR  -  8000  psi  minimum  (Concrete  Creep) 

CR  -  20,000  -  .125  (SH  +  ES  +  CR  ) 
s  c 

-  20,000  -  .125(17000)  -  17875 

Therefore,  the  minimum  losses  become  34,875  psi,  say  35,000 
psi;  which  total  the  same  as  the  1961  specs. 


be: 


The  area  of  net  reinforcement  for  diagonal  tension  shall 

A    <vu : vs  K  Mob's 

Av  -     2FJd       -  "7J— 

V     -    .06f   bjd  <  180  b'jd 
c  c     J     — 

Horizontal  shear  at  the  interface  is  calculated  in  the  same 
manner  as  the  1961  specs;  however,  the  shear  capacity  is  give  as: 
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300  psi  when  the  area  of  vertical  ties  ^  the  area  of 
two  No.  3  bars  spaced  at  12  inches;  and  the 
interface  surface  of  the  girder  is  intentionally 
roughened . 

In  addition  for  each  percent  of  stirrup  in  excess  of  the 
above  requirements,  150  psi  shear  resistance  may  be  considered 
effective. 

Alternately,  full  transfer  of  the  ultimate  horizontal  shear 
forces  may  be  assumed  when: 

Interface  of  girder  is  cleaned  and  roughened  prior 

to  slab  addition; 

The  minimum  vertical  ties  are  provided  as  given 

above ; 

All  stirrups  are  fully  anchored  into  slab  and 

girder; 

The  girder  web  carries  the  entire  external  shear. 

Transverse  bond  stress  in  slab  is: 

4.8  — — —  ,    500  psi  maximum 

where  D  is  the  diameter  of  rod. 

4.   Stress  Calculation  for  Bridge  #2 

From  page  B-12 

D.L.  moment  *  3050,k  @  1490  psi 
L.L.  moment  -  3600,k  @  990  psi 
Total    2480  psi. 

Non-Trans formed  Section  (See  Fig.  E-4  for  section  properties) 

D.L.  (Girder  only): 

*  Mc   3050(12000)24.73     1Qft(.   ,   _    -  .j„j„, 
f  -  j- "  — 125  390(4) "      p   "   p    8lrder 

L.L.  (Slab  and  Girder): 

*  Mc   3600(12000)19.07     ,,Q   .   „    -  ,  . 
f  "  I 327,226(4) "  '   629  p8i  "  Top  °f  slab 

f       Mc   3600(12000)12.07  ,    ,oe   .   _    _  J 

f  "  T~  '   327,226(4) "  398  psi  "  ToP  of  8irder 


*  It  appears  that  the  stresses  shown  on  page  B-12  represent  those  at 
the  bottom  of  the  girder;  probably  for  correlation  with  the  strains 
shown  on  page  B-21. 


E-13 


h* 65" *i 


rr 


. 

ON 


O 


CM 


■h  7.5"-* 


to 


l 

t — 

_2' 

3 

/ 

4± 

\ 

(vmm- 

R 

* — 

22" 

— > 

-ir, 

i t-j-t 

""4.5" 

en 

o 

■  i 

r^ 

<» 

-a- 

t/"> 

19"      N 

v 

CM 

—  ■ 

—     , ' 

. . 

7.5" 

CM 

o 

i 

7" 

o 

CM 

Oi 

i-t 

,  7       ,. 

Girder  alone 

Area 

Arm 

1  "base     -           7(16) 
1,886           4.5(4.5) 

(41.5) 

-     4648 

36.5 

-       739.125 

7(31) 

22.5 

-     4882.5 

7.5(7.5) 

9.5 

534.375 

22(7) 

3.5 

539 

559.5 

y  concrete  girder 
from  base 


Moment  of   Inertia 
Section  I 


«-7.5" 


Steel 


o 
a> 
to 

•o 

! 

o 

a 


u 
H 


457.33 

22.78 

17378.08 

175.78 

628.83 


11343 


20.27' 


Ay'2 

50479.84 

5334.11 

1079.12 

6524.60 

43309.87 


na 


18662.80 
■     125,390. 


106727.54 
34  in*     (26) 


Transformed  e.g.   of  girder  alone 
EMb, 


>ase 

concrete 


CM 


Area 
559.5 
28.52 


Arm 
20.27 
6.45 


11341.065 
183.95 


Trans .  y 


588.02 
from  base 


11525.015 
-  19.60" 


44  Strands 


"b 


ase 


8 
8 
10 
8 
6 
2 
2 


2 

4 

6 

8 

10 

12 

14 


16 
32 
60 
64 
60 
24 
28 


y  steel  from  base 
n  -  6(12) 


44 
6.45" 


284 


Steel  transformed  area  -  44(6) (.108)  -  28.512  in 


E     8  lab 
c 


E     girder 
c 


.  /3000" 

assumed  as  7553- 


54.77 


70.71 
Transformed  width  -  84 (.775)   -  65" 


.775 


66 


c.c  -  9(12)  -  108  n 
12(7)  -  84"  ■*-  Governs 


FIG.    E-4  -  MOMENT  OF  INERTIA  CALCULATIONS   FOR  BRIDGE  #2 
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Girder  and  Slab 


>ase  Area 
65(7) 
559.5 


Arm 

(48.5)  -  22067.5 
20.27  -  11341.065 


Moments  of  Inertia 
I 


Ay 


,2 


1014.5 
y  from  base  32.93" 


33408.565 


Slab      1857.92  110303.32 
Girder  125390.34   89674.20 


I  (without  steel)  -  327225.78  in.' 


Girder  alone 

Moments  of  Inertia 
I 


Girder 
Steel 


125390.34 


Ay 


,2 


251.20 
5447.10 


1  Girder  with  transformed  steel  ■  131088.64  in. 


Girder  and  Slab 


>ase 


Area 
65(7) 
559.5 
28.52 


Arm 
(48.5) 
20.27 
6.45 


22067.05 
11341.065 
183.954 


1043.05 
y  from  base  32.21' 


33592.069 


Moments  of  Inertia 

I 
o 

Slab      1857.92 

Girder  125390.34 

Steel  


Ay 


,2 


120740.66 
88967.27 
18925.23 


I   including  transformed  steel 


355,881.08  in. 


FIG.   E-4   (Continued) 
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Prestress 

Initial  force  -  18900#/strand. (17) 

7  "  2 

Area  of  rr   <j>  7  wire  uncoated  stress  relieved  strand  -  .108  in 

Loss  of  prestress  at  35,000  psi  -  .108(35,000)  -  3815# 
Net  strand  force  -  18900  -  3815  -  150850 

A  "  44559°6^   "  ~1186  psi  "  Top  of  Girder 

Pec   44(15085)  (20.27  -  6.45)  (24. 73)   "J-J2S  pS;   *         en** 
-y-  -  — ■ 125390 "  +1809  Psi  ~  ToP  of  Girder 

Net  -  +  623  psi  -  Top  of  Girder 

L.L.  +  D.L.  »  -2203  psi  -  Top  of  Girder 

Non-Transformed  Section     Total  Stress  -  -1580  psi  -  Top  of  Girder 

D.L.  (Girder  only): 

*       Mc       3050(12000)  (20.27)        ...,',-         *       _  "'   .  .  nA 

f  -  ■=—  -  nsoonm  "  +1*79  psi     -  Bottom  of  Girder 

i  J.43JWW  vs     U90 

L.L.    (Slab  and  Girder): 

f  .  Mc  .  3600(12000^32.93)   .  +108?  ps±*  .  Bott(m  of  Girder 
I  327226(4)  yg     99Q 

Prestress 

j   (Girder  only)  -  -1186  psi 

Pec  ,   '.     ,  v   44(15085) (20.27  -  6.45)20.27    1/Q,   . 

-=-  (Girder  only)  -  — * i jc»on "  "1483  Psi 

I  1.03VU  Bottom  of  Girder 

Total  stress  -  -103  psi  at  the  bottom 
(See  Fig.  E-5) 

Transformed  Section 

D.L.  (Girder  only): 

t  ,  Mc  .  3050(12000?  (25  A)   .  _„„  ^  .  Top  „f  Girder 

L.L.  (Slab  and  Girder): 

t   _^_  360^22^791.  _601  psl  .  Top  of  sla„ 

f  .  MC  .  3600(12000)<12.79)  .  .3g8  p.±  .  Top  „£  Glrder 


*  See  footnote,  page  E-13. 
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Prestress 

Y   (Girder  only)  -  4^5^5^   -  -1129  psi  -  Top  of  Girder 


588.02 

Pec  ,_.  .     .  v   44(15085)  (19.6  -  6.45)  (25.4)   J__„. 

-y-  (Girder  only)  -  — » 131089 "  +1691 

Top  of  Girder 

-1129 
4-1691 
Net  -  +  562  psi  -  Top  of  Girder 
D.L.  +  L.L.   -  -2161  psi 
Total  Stress  -  -1599  psi  -  Top  of  Girder 

It  doesn't  seem  to  make  much  difference  whether  the  section  is 
transformed  or  not. 

L.L.  HET-70,  Non-Transformed  Section 
M  »  665.68  (See  page  20) 

*   Mc   665.68(12000)19.07    .,    .   _    -  „  . 

f  "  ~  "  327226 *"  ^   "  I0*  off  Sr]ahA 

-294  psi  -  Top  of  Girder 

D.L.  +  Prestress  -  -1805  +  623  -  -1182  psi  -  Top  of  Girder 

Total  «  -1476  psi  -  Top  of  Girder 

Allowable  slab  stress  (f  -  3000)   =   -1200  psi 

c 

c       Mc   665.68(12000)32.93   ,OA/    .   n  .    f  r.    . 

f  ■  ■=—  ■  on.j00/. — ' «  +804  psi  -  Bottom  of  Girder 

1         i2.ILi.Ki 

From  page  B-21  maximum  strain  -  106.2y"/n 


If  we  use  the  test  data  E  -  57500/  f£   »  57500/  8700  - 
5363025  psi  (14) ,  where  the  average  cylinder  strength  of  girder  - 
8700  psi,  then  the  actual  stress  -  Ee  ■  5.363  x  106.2  «  570  psi 
vs.  804  psi  predicted. 

For  the  total  stress: 

L.L.    f  -  M£  -  665.68(12000) (32.93)  „  +  m  _   ^^ 

1       327226  of  Girder 

£  =  -1186  Psi 

A 

D.L.  -  +1479  Psi     " 

£££  «  -1483  Psi 

Total  Stress  -  -  386  psi  -  Bottom  of 

Girder  (see 
Fig.  E-5) 


*  Refined  data  on  Page  B-58  lists  maximum  strain  »  112u"/n» 
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Allowable  1200 
l         -629  psl 

rz 


7" 
T 
12.07" 


t 


32.93" 


J 


-1580  psi 
Allowable  2000 


-1476  psi 


-103  psi 


-  386  psi 


Design  Loading 


HET-70  Loading 


FIG.  E-5  -  MAXIMUM  FLEXURAL  STRESS  SUMMARIES  FOR  INTERIOR  GIRDER 
OF  BRIDGE  #2 


Steel  Stress  (27) (28) 

Maximum  prestress  load  after  losses 
Prestress  capacity  of  strand  -  175000 (.108) 
Ultimate  capacity  of  strand  -  250000 (.108) 
Minimum  load  at  1%  extension 


15085  #/Strand 
18900  #/Strand 
27000  # 
23000  # 


15085 
27000 

15085 


.56  f*  <  ,6f 

s  —     s 


.66f    <  .8f 

sy  —    sy 


23000 
Ultimate  Flexural  Strength 


o.k. 
o.k. 


V   -  175000  psi 
s         r 


r  bd 


44 (.108) 


65(52  -  6.45) 


44 (.108)  »  4.752  in 
-  .0016 


Pf 


en                  a\  .  nqnnnri    ,(.0016)  (175000) > 

:sy   fs(1  "  -5  p->  "  175000(1  -  .5 3555 <•) 

'  c 

-  166,833  psi 
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p^«  (b-b')t  .  .85(3000X65  -  18)7 

sf   '   c    f  166,833 

su  * 

-  5.03  in2  >  A 

s 


Use  flange  formula 

Pf 

M  -  A  f  d(l  -  .6  -tt21) 
u    s  su  f 

c 


A.752(166833)(52  -  6.A5)[1  -  . 6< '0016? (166833? j 

A  7^(166833)  (45.55)  (.9466)       ,k 
,OZ       12000  y 


3050 


Load 
Factor 


M 
u 


D.L.  Moment  *f^    -  762.5   x  1.5   -  1143.75 
L.L.  Moment  -  662.7  x  2.5   -   1656.75 


Total  M..   -   2800. 5' k  vs 
2849'k   o.k. 


u 


Shear:   1961  Specifications 

Maximum  V  (live  load)  occurs  in  beam  element  55  for  load 
condition  2,  and  equals  43.12  k  +  26. 5k  -  69.62k.* 

D.L.  Estimate  for  Interior  Girder  (See  page  Q19  for  dimensions) 

Slab  ■  150  x  thickness  x  width  x  -r  length 

-  150 (—)  (8.74)33  -  25,237  # 

Girder  ■  150  x  area  x  y  length 

-  150  (^f?t^)33  -         -  19.233  # 

W        Total  -  44,470  # 

Ultimate  Load  V  -  1.5D  +  2.5(L  +  I) 

-  1.5(44.47)  +  2.5(69.62)  -  240. 76k 
Deduction  for  vertical  pres tress  component: 

Ten  strands  drop  average  of  27"  in  27';  therefore,  vertical 
component  approximately  equals: 


*  See  footnote,  page  E-7. 
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27(10X15085)  .,   s-k 

27(12)(1000)  ^'°' 

Net  V       -  228. 19k 
u 

Vc  -  .075  r  bjd  -  .075(5000) (7)|  (J^-)   -  88.54k  (18) 
No.  4  double  stirrups  are  spaced  on  15"  centers. 

A  (Reg)  .  (V"  "  VS  .  (228.19  -  88.54) (15) (1000)  m  2 

V  8;     2f'jd         2(40,000). 875(38. 55)     ,7/b  ln 

2 
A  furnished  »  .40  in 

v  2 

A  minimum  required  -  . 0025b' S  -  .0025(7)15  -  .26  in 

Shear;  1973  Specifications  (19) 

V  -  .06f *  bjd  <  180bjd 

is  limited  to  180(7)  .875  (||~^)  -  41.40k 

a   4  4      100b' S     100(7)15    0,  .  2 

A  minimum  ■  — r ■   ,nnnn     ■  .26  in 

v  f  40,000 

y  Same  as  1961  specs. 

a   so  n    (Vu  "  VS    (228.19  -  41.40)  (15)  (1000)   .  ft/  .  2 

Av  (Re«>  "   2f  jd    *  ^   2(40,000). 875(38.55)   "  1M   in 
sy 

2 
A  furnished  ■  .4  in 
v 

However  both  1961  and  1973  specifications  allow  the  shear  to 
be  investigated  only  in  the  middle  half  of  simply-supported  beams 
for  members  carrying  moving  loads.  Within  the  middle  half: 

D.L.  Shear  -  ^—^  -  22.24k 

L.L.  (Beam  Element  27, 

Load  Condition  3)  -  33.96k 

V     -  1.5(22.24)  +  2.5(33.96)  -  118. 26k 

a      /»   .%        (Vu  "  VS        (118.26  -  41.40)  (15)  (1000)   _      ..,    .2 

Av    (Re«>   "       2f     jd 2(40,000). 875(38:55)  A11  in 

sy 

Slightly  Overs tressed. 
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Horizontal  Shear  at  Beam-Slab  Interface 

Q  »  7(65)(19.79  -  3.5)  -  7411.95  in3 

v  .  L£  .  174.05(7411.95)  (1000)  . 

v   lb'         355,881(7)         515  psl 

where  V  -  2.5(69.62)  -  174. 05k  due  to  live  load, 
u 

3  2 

Area  furnished  by  stirrup  ■  "r(»^)   *  '^   *n  /foot 

2 
Minimum  tie-in  steel  required  (Two  #3  @  12")  ■  .22  in  /foot 

Excess  ■  .08  in^ 
%  excess  -  yTyfr  (100)  -  .095 

At  150  psi  shear  resistance  increase  per  percent  excess 
area  »  .095(150)  -  14.3  psi. 

300.0  psi  (See  page  E-13) 
14.3  psi 
Total  Shear  Capacity  »  314.3  psi  vs  518  psi  (Overs tressed) 

However  see  page  E-13  for  alternate  specification  which  allows 
full  transfer  of  ultimate  shear  force. 


Slab  Analysis  (See  page  E-3  for  applicable  1961  &  1973  specs) 

The  computer  results  show  a  maximum  transverse  slab  moment 
of  -2.002'k  with  an  axial  load  of  .6779k  in  plate-shell  element 
No.  52  for  load  condition  3.  We  shall  neglect  the  axial  load 
(f  ■  approximately  15  psi) . 

Transverse  distance  between  girders  ■  8.74' 

Mp    -  .lw£2  -  .1(~)150(8.74)2  -  669,# 

^  L  -  2.002,k 

Fig.  E-6  shows  the  transverse  cross-section  of  a  unit  width 
of  slab. 

The  maximum  concrete  stress  becomes: 

-  .  Mc  m   2.671(2.302) (1200)  m 

1       I        128.866         D/J  psX 

Allowable  Stress  -  1200  psi. 
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The  maximum  steel  stress  is: 

m   Mc  m   2.671(2.698) (12000) (10) 
1   I         128.866  °/1U  psl 

Allowable  Stress  *  20,000  psi 

Maximum  shear  (see  page  E-3  )  ■■  126  psi 
Allowable  Shear  -   90  psi 

Maximum  bond  stress: 

v   .      26,000  , 

u  -  ZoJd    (A)5.66A(.875)(5)     ^z  psi 


Allowable  bond  stress  -  rr —  -  -yr(54.77)  ■  351  psi. 
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n  -  10 

Acting  A  ■  43.16  in 


A  «  10(.528)(2) 

-  10.56  in2 

I  «  5.664  in 
o 


Tension 
20000 


n 


2000  psi 


2.302" 


Acting 

Transformed  Section 


l_k>     -  9(. 


^ 


528) 


4l 

2.302 


^ 


(2000)  -  1706  psi 


'     2.698 

-  4.752  in    Allowable  f1  -  1200  psi 

c       r 

Concrete  Stress  controls 


l   Moments  about  neutral  axis 


12x' 


-10.58(5  -  x)  +  4.75(x  -  1.5)  +  ^ 

-59.2  +  10.58x  +  4.75x  -  7.92  +  6X: 
6x2  +  15.33x  -  67.12  -  0 


-  0 

-  0 


x  -  -15.33  +  / 


-   15.33  +  4(6) (67.12) 
12 


Transformed  I 


+2.302" 
-4.858" 


use 


10.58(2.698)z 
9(.528)(2.302  -  1.5) 


12 


(2.302)3 


12 


12(2.302) (2'3°2) 


77.014 
3.057 

12.199 

36.596 
128.866  in 


FIG.  E-6  -  CALCULATIONS  OF  MOMENT  OF  INERTIA  OVER  TRANSVERSE  UNIT  WIDTH 
OF  SLAB  FOR  BRIDGE  #2 
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5.    Specifications  for  Bridge  #3 

Bridge  #3  was  designed  in  1938  under  the  Standard  Road  and 
Bridge  Specifications  of  the  Tennessee  Department  of  Highways  and 
Public  Works  for  an  H-15  loading.  Unfortunately,  these  specifica- 
tions and  the  drawing  showing  the  layout  of  the  beam  reinforcing 
was  not  readily  available  to  the  author;  therefore,  the  author 
decided  to  review  the  stresses  in  this  bridge  under  the  require- 
ments of  the  1935  AASHO  specifications.   The  allowable  stresses 
are  higher  under  the  1973  code;  however,  in  view  of  the  age  of 
the  bridge,  the  author  considers  it  unwise  to  base  strength  above 
the  1935  specifications. 

1935  AASHO  Specifications  (20) 

The  effective  T-Beam  flange  width  shall  not  exceed: 

a.  One-fourth  the  span  length. 

b.  Center-to-center  distance  between  beams. 

c.  Six  times  the  beam  width. 

d.  Eight  times  the  slab  thickness  plus  width  of  beam 
stem. 

The  flange  shall  not  be  effective  in  resisting  shear.   Flexural 
stress  is  based  on  the  usual  elastic  theory  of  the  transformed 
section.   For  approximating  computations,  use: 

A  -    M 


s   14000d 
Shearing  unit  stresses  are  calculated  as: 

V 

v  ■  — — 
bjd 

in  which  V  is  the  maximum  shear,  b  the  stem  width,  d  the  distance 
from  maximum  compression  fiber  to  the  centroid  of  the  tension  steel, 
and  j  is  the  effective  lever  arm  between  centroid  of  compression 
area  and  centroid  of  tension  steel.  Webs  must  be  reinforced. 

Clearance  requirements: 

Clear  distance  between  bars  preferably  not  less  than  3". 
Covering  minimum  to  be  2". 

6.   Stress  Calculations  for  Bridge  03 

Considerable  speculation  is  inferred  in  this  analysis  as  to 
the  arrangement  of  longitudinal  reinforcing  steel  in  the  T-beams, 
since  drawings  were  not  available.   Fig.  E-7  shows  the  cross- 
section  of  a  T-beam  with  deduced  arrangement  of  longitudinal  bars 
in  accordance  with  clearance  requirements  specified  in  the  1935 
AASHO  Code. 
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-*|  18"  \~- 


1935  Specs:   L   51,5   ,  c/  c„ 
4  -  T~  "  154.5 

c.c.  distance  between  beams  »  6'-10"  »  82"  -«—  controls 

6  x  beam  width  -  6  x  18  -  108" 

8  x  slab  thickness  +  beam  width  -  8(18)  +  18  -  162" 

Assume  A"  distance  between  bottom  fiber  and  centroid  of  reinforcing 
steel:     d  -  43.5" 

Area  of  steel  required  for  total  moment  -  2440  +  1400  -  3840'k 

(See  page  B-12) 


Try  approximate  formula: 


M         .  jfMpgggl    -  18.92  in2 


s   14000d    14000(43.5)4 

Assume  6  bars  .  Page  B-20  shows  4  bars  in  lower  row.  Area  of  each 
bar  is: 


18.92 


3.15  in 


The  area  of  a  1  3/4"  square  rod  -  3.06  in  .  Reference  (21)  shows  that 
1  3/4"  square  reinforcing  rods  were  available  at  least  as  early  as  1932. 
The  figure  above  shows  clearance  requirements  are  adequate,  and  also  shows 
a  possible  arrangement  of  bars. 


ZQ  -  6(1.75) (4)  -  42  in. 


d 

t 


43.5 
8.5 


-  5.1. 


Use  j  -  .91  (22) 


FIG.  E-7  -  ONE  POSSIBLE  ARRANGEMENT  OF  REINFORCING  STEEL  FOR  THE  T-BEAM 
OF  BRIDGE  #3 
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From  page  B-12: 

D.L.  Moment  -  2440' k  @  10100  psl 
L.L.  Moment  ■  1400,k  @  5900  psi 

Dead  load  check: 


M    2440(12000)       .--_.    .    imnn 

77  -  A/o  n*w  nfrprkrm  -  10072  ps1  vs  1010°  ps1 


s   A  jd   6(3.06)(.91)(43.5)(4) 

O 

Design  live  load  check: 

f  -  -JS 1400(12000)     m 

s   A  jd   6(3.06) (.91) (43.5) (4)   ****  psl  VS  D*UU  pS1 

s 

L.L.  -  HET-70  loading,  load  condition  1: 
From  page  25,  M  -  366.71,k 

c  M        366.71(12000)        ,n„        . 

f8  "  AJd"  6(3.06)(.91)(43.5)     *  6055  psl 

s 


D.L.   .  1QQ72 
Total  Stress  -  16127  psi 

Allowable  Stress  -  16000  psi 


Shear  -  Load  Condition  2,  Beam  Element  42 

V  -  29.22  +  26.5  -  55.72k 

V    55.72(1000)      ei  ,,   , 

V  "  bjd  "  18(. 875) (43.5)  "  81*33  psl 

Allowable  Stress  -  90  psi 
Bond  Stress 


v    55.72(1000)        ,,  ,0        . 

V  -  Fjd  "  55(. 875)  (43.5)  "  26'62  p8i 

Minimum  bond  stress  -  longitudinal: 

Bars  not  anchored  »  80  psi 

With  bars  anchored  -  120  psi. 
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Test  Data  for  Stress 

Page  B-20  shows  a  maximum  live  load  stress  on  one  of  the  bottom 
bars  of  only  3450  psi  for  the  HET-70  loading. 

Slab  Stresses  in  Transverse  Direction. 

Transverse  distance  between  beams  «  6.833* 

Mp    -  .lwJl2  -  .l(|j^)  150(6.833)*  -  496  ,# 

VL  -  1.813,k  for  load  condition  3,  shell-plate  element  53, 

'  *   with  axial  load  P  -  ,8943k.  Neglect  P. 

Maximum  Concrete  Stress 


c       Mc   2.309(1.96)12000   .,_ 

f  "  "  "  1487748 365  p8i 

Allowable  Stress  -  1200  psi 
Maximum  Steel  Stress 

m  Mc  m  2.309(4.54)12000(10)   m 
1       I  148.748  mD/  psl 

Allowable  Stress  -  20,000  psi 

Maximum  Shear  (See  page  E-3) 

V        26.500       Q7   . 
V  "  bjd  "  4(12) (.875) (6.5)  "  V/  psl 

Allowable  Shear  -  90  psi 

Maximum  Bond  Stress 

V       26.500 „,   . 

u  "  Fjd  "  4(3.36)(.875)(6.5)  "  347  psi 

1935  AASHO  Allowable  Stress  -  120  psi   Overstressed 
As  a  matter  of  interest,  the  1973  specifications  would  allow: 

4.8/Tr" 


4.8(54.77)   ,on       . 

'     \oq  *    ■  420  Psi 


.625 
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Unit  Section  of  Slab 


n  -  10 
Acting  A  -  31.22  in2 


A  -  10(.266} (2) 

-  5.31  in' 
£Q  -  3.36  in 


Tension 
16000 


1600  psi 


Acting 

Transformed  Section 


I  Moments  about  neutral  axis 


-5.31(6.5  -  x)  +  2.39(x  -  1.5)  + 


12x2 


3 


• 


"7 


/ 


/ 


1.96 


A»c  -  9 (.266)     4754  (1600)  "  691  Psl 

Allowable  V   -  1000  p 
c 

Steel  Stress  controls 


2.39  in2    Allowable  V   -  1000  psi 


-3A.515  +  5.31x  +  2.39x  -  3.585  +  6x' 
6x2  +  7.7x  -  38.1  -  0 


X  "  ~7'7  -  V   7.72  +  4(6)  (380) 


12 


Transformed  I 


5.31(4.54) 


2.39(1.96  -  1.5) 


12 


<l-96) 


12 


12(1.96) 


(1-96) 


-  109.448 

-  9.181 

-  7.530 

-  22.589 


+1.96" 
-3.24" 


use 


I  -  148.748  in 
FIG.  E-8  -  CALCULATIONS  OF  MOMENT  OF  INERTIA  OVER  TRANSVERSE  UNIT  WIDTH 
OF  SLAB  FOR  BRIDGE  #3 
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7.  AASHO  Specifications  for  Bridge  #4 

Bridge  #4  was  built  in  1950  under  the  Standard  Road  and 
Bridge  Specifications  of  the  Tennessee  Department  of  Highways 
and  Public  Works.   For  this  report  the  review  for  HET-70  loading 
is  made  under  the  1949  AASHO  specifications  and  1973  specifica- 
tions.  For  1973  specs  see  page  E-2. 

Applicable  1949  AASHO  Specifications  (231 

Allowable  stresses: 

Flexural  tension  or  compression 

Embedded  upper  flange  considered  fully 

supported  laterally  -  A- 7  steel  assumed.    18000  psi 

Shear  in  girder  webs,  gross  section.        11000  psi 

Concrete  flexure  in  compression.  1000  psi 

Concrete  shear  in  beams  without  web 

reinforcement,  longitudinal  bars 

anchored.  90  Psi 

Bond  stress  in  reinforced  steel,  bars 

anchored  by  hooks.  225  psi 

Tension  in  reinforcing  steel  -  Although 

type  of  steel  was  not  given  on  the  plans, 

reference  1  shows  the  yield  point  to  be 

40,000  psi.  (24)  20000  psi 

8.  Stress  Calculations  for  Bridge  #4 

In  the  Tennessee  report  (4)  it  was  stated  that  "the  bridge  was 
de8igned  to  act  non-compositely ;  however,   the  experimental  located 
■position  of  the  neutral  axis  clearly  indicated  that  a  considerable 
degree  of  composite  action  did  exist, "     It  was  for  that  reason  that 
the  computer  program  used  slave  nodes  tieing  the  stringers  to  the 
deck  when  comparing  the  deflections  versus  test  data  for  Volume  I.  (25) 
The  same  type  of  computer  format,  however,  is  used  for  the  HET-70 
loading,  although  no  test  data  exists,  with  the  advantage  that  this 
type  of  format  enables  one  to  obtain  the  transverse  slab  moments 
directly  without  computing  a  new  set  of  data  for  the  slab  alone 
resting  on  yielding  supports.     For  the  girder  moments,  we  simply 
compute  the  composite  moment  as  in  the  previous  examples  (bridges 
#1  through  #3)  and  apply  this  to  the  non-composite  girder. 

In  bridges  #1  through  #3,  the  dead  load  girder  moments  were 
furnished.  For  this  bridge  we  must  first  compute  them;  either  by 
input  loading  in  the- computer  program  or  by  hand.  The  author  has 
used  the  latter  method  here.  Fig.  E-9  shows  the  calculation  of 
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dead  load  moment  at  the  critical  positive  moment  section  in  the 
60'  span,  as  indicated  by  load  condition  1,  page  27.  The  method 
of  moment  distribution   is  used  for  this  calculation. 

Live  Plus  Dead  Load  Stresses  for  Maximum  Positive  Moment  in  60' 

Span  . 

MLL  -  181. 53' k  (See  page  23) 

f       Mc   (181.53  +  94.57)  ,27. 02, . 0  ,OQ   . 

f  -  y~  ■  ^Yo * — 2 — '12000  "  12»399  psi 

Allowable  Stress  -  18,000  psi 

A 
where  I  -  3610  in  for  the  W  27  x  94  girder  (see  Fig.  E-10) . 

Shear 

V  v 
D.L.                    -  24.24K 

L.L.  max  -  27.65k  +  26. 5k  -  54.15k  -  beam  element  20, 

Total  V  -  78.39k   load  condition  * 

v      78.39(1000)     ccnn       s 

V  Td  "  27.07(.518)  *  5590  psi 

w 

Allowable  -  11,000  psi 
Maximum  Negative  Moment 

Fig.  E-ll  shows  the  maximum  negative  moment  for  HET-70  loading 
of  196.5'   occurring  in  beam  element  20  under  load  condition  1. 
For  negative  live  plus  dead  load  moment  the  stress  becomes: 

f  .  Mc  m    (196.5  4-  229)  27^77  a2QQQ)   „  10>g87  pgi 

1        tOlZ.J      l  (not  the  critical 

stress) 

where  I  »  6512.3  for  the  W  27  x  94  girder  with  cover  plates 
(see  Fig.  E-10). 

Transverse  Slab  Stresses 

Transverse  distance  between  girders  «=  7.33' 

Mp    -  .lw£2  =  .l(^j)  (150)7.33*  -  470  ,# 

M     -  -2.711'k  for  element  48  under  load  condition  1, 
X,L*  with  an  axial  load  of  .06453k.  Neglect 

axial  load. 
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Q= 


T 


i_ 

T" 

7" 


H*—  7.33'— *+■ —  7.33' H*—  7.33' H 

w  -  jjdSO)  -  87.5  #/ft2 

From  page  2-210,  AISC  Manual,  reaction  of  Interior  stringer  is: 
l.lv£  -  1.1(87.5)7.33'  -  706  #/ft. 


FEM 


12 


D.L.  Girder  -  102_ 

808  fi/ft. 


.808 
12 


(60)  -  242.40'k 


-  -^(AS)2  -  136.35,k 
H|!  -  ^2i(60)2  -  363.6'k 


45' 


60' 


45' 


-H 


1.0 


.57 


+136.35 
-136.35 


-  30.23 
+  30.23 


X 


-136.35 
-  60.45 


-  68.18 
+  25.87 


+  12.94   +  15.12 
-  12.94x  -  3.06 

-  6.47 
+  3.69 


-229.83 


.43 


.43 


242.40 
-45.60 


+22.80 
+19.51 


^^ 


-242.40 
+  45.60 


-  22.80 

-  19.51 


9.76 
2.30 


+ 
+ 


9.76 
2.30 


+  2.78 


-  2.78 


229.83 


229.83 


.57 


1.0 


136.35 
+60.45 


+68.18 
-25.87 


* 


-136.35 
+136.35 


> 


+  30.23 
-  30.23 


-15.12'   -  12.94 
+  3.06  ,+   12.94 

+  6.47^ 
-  3.69 


-229.83 


94.57,k 


t 


V  -  23.29 


.808(22.5) 
229.83/45 


3 
JO 

U 


8 

e 


18.18* 

5.11* 

23.29k 


.808(30) 
24.24k 


24.24(20.15)  -  ',808(20.15); 


488.436  -  164.033 


=  324.403 
-229.83 
+  94.57,k 


FIG.  E-9  -  CALCULATIONS  OF  DEAD  LOAD  MOMENTS  AND  SHEARS  FOR  THE 
INTERIOR  GIRDER  OF  BRIDGE  #4 
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Cover 
__  e     '--3/4  x  10 
tf  -  .827 


27.07 


W  27  x  94 

t  -  .518 
w 


1     J-*-3/4  x  10 
Cover 


o 
Covers 


3610  In4  for  pos. 


2(10)(. 75)(13.9ir  -  2902.3 


moment 
4 


I  -  6512.3  in 

(for  neg. 
moment) 


FIG.  E-10  -  MOMENTS  OF  INERTIA  OF  GIRDER  AND  COVER  PLATES  FOR 
BRIDGE  #4 


Sh  29,30 


Bm  20 


BRIDGE  #4  -  Load  Condition  1 


P  -  4.481 
M  -  2.74 


>  i 


.2712(3.67) 
.4757(3.67) 


.9953 
1.7458 
2.7411 


} 


1.63* 


P  -  53.15k 
M  -  107.10,k 


5.882(3.67)  -  21.587 

6.328(3.67)  -  23.224 

44.811 

M  (including  slab) 

53.15(1.63)  -  86.63 

2.74 

107.10 

196.47 


FIG.  E-ll  -  CALCULATIONS  OF  MAXIMUM  NEGATIVE  MOMENT  AT  ONE  OF  THE 
INTERIOR  SUPPORTS  FOR  BRIDGE  #4 
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Maximum  Concrete  Stress 

m   Mc  m   3.181(1.74)12000  m 

I       129.15         DX*   psl 

Allowable  Stress  -  1000  psi 
Maximum  Steel  Stress 

f       Mc   3.181(3.26)12000(10)   _,,_ 

f  "  I 129^5 -  9635  psi 

Allowable  Stress  ■  20,000  psi 
Shear  (See  page  E-3) 

v  .      26,500  ._ 

bjd   4(12) (.875) (6.5)       y/  psl 

For  f  «  3000  psi  -  Allowable  -  90  psi 
c 

For  test  f '  -  6500  psi  -  Allowable  »  195  psi 
Bond  Stress  (See  page  E-3) 

.,  .   v        26500     ,„   , 

U   Eld  "  4(3.36)6.5  "  303  psi 
o 

Allowable  bond  stress  -  .075f '  -  225  psi  -  by  1950 

specifications,  or  -  420  psi  by  test  value  of  f  -  5600  psi.  Since 
the  specs  state  a  maximum  of  225  psi,  the  slab  would  be  overs tressed 
in  bond.  Under  1973  specifications,  however,  the  allowable  bond 
stress  would  be: 

4.8/  3000      /9n   . 
^25 42°  psi' 
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No.  5  <§  6.5"  c.c. 
No.  5  <§  13"  c.c. 

t 


n  «  10 

Acting  A  -  29.174 


Unit  Section  of  Slab 


A  =  10(.286)(2) 


0(.286)< 
.72  in2 


EQ  -  3.618  in 


Acting 

Transformed  Section 


£  Moments  about  neutral  axis 


286) 


-  2.574  in" 


Tension 

20000 

— — —  * 

n 


2000  psi 


A 


/ 


/ 


/ 


/ 


/ 


3726  (2000)  -  1067  psi 
Allowable  f  -  1000  psi 
Concrete  Stress  controls 


-5.72(5  -  x)  +  2.574(x  -  1.5)  +  6x   =  0 
-28.6  +  5.72x  +  2.57x  -  3.861  +  6x2  «  0 
6x2  +  8.294x  -  32.461  -  0 


X  "  ~8,294  ±  V   8.2942  +  4(32.461)6 


12 


Transformed  I 


5.72(3.26) 

2.574(1.74  -  1.5) 

12(2. 574)3 

12         2 

12(2.574)^2,^74) 


«  60.79 
.15 

-  17.05 

"  51.16  t 
I  -  «  129.15  in 


«=  +1.74  -e- 
-3.12 


use 


FIG.  E-12  -  CALCULATIONS  OF  MOMENT  OF  INERTIA  OVER  TRANSVERSE  UNIT  WIDTH 
OF  SLAB  FOR  BRIDGE  #4 
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